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ABSTRACT
Synthesis and Determination of the Local Structure and Phase
Evolution of Unique Boehmite-Derived Mesoporous
Doped Aluminas
Ying Zhang
Department of Chemistry and Biochemistry, BYU
Doctor of Philosophy
Mesoporous alumina (Al2O3) in the gamma (γ) phase is widely used as a support in catalytic
applications because of its high surface area, large pore volume, acid-base characteristics, and
thermal stability. To improve the thermal stability of gamma alumina, dopants such as lanthanum,
magnesium, zirconia, and silica are often introduced. Current laboratory-based methods for
synthesizing gamma alumina generally involve 10-15 steps and/or use toxic, expensive surfactants
and solvents. Industrial methods, while simpler, lack control of pore properties and surface
chemistry. In contrast, we have developed an innovative solvent deficient, one-step method that is
able to synthesize a wide range of pure and silica-doped aluminas with high surface areas, pore
volumes from 0.3 to 1.8 cm3/g, and pore diameters from 5 to 40 nm. More significantly, our silicadoped aluminas are stable up to temperatures as high as 1300 °C, which is 200 °C higher than
other pure and doped gamma alumina materials.
The usefulness of γ-alumina as a catalyst support is dependent on its favorable combination
of textural, thermal, structural, and chemical properties, yet the relationship between structure and
these other properties is still not clearly understood due to the poorly crystallized nature of the
material. In particular, the mechanism by which the gamma structure is stabilized thermally by so
many dopants is still not well understood. Based on our previous PDF experiments on pure and
La-doped alumina, we have developed a hypothesis regarding the mechanism by which dopants
increase thermal stability. To validate or refute this hypothesis, we collected PDF data on a wider
range of laboratory and industrial alumina samples.
Herein, we have utilized PDF analysis to study the local to intermediate-range structure of a
series of our pure and silica-doped aluminas calcined at 50°C intervals between 50 and 1300°C as
well as pure and silica-doped aluminas from commercial sources and other synthetic methods. This
thorough study of alumina local structure will allow us to separate general trends in the local
structure from idiosyncrasies based on synthetic method/conditions, and it will help us identify the
structural features responsible for improved thermal stability. Having access to these PDF
experiments, we have validated our current hypothesis on the nature of stabilization afforded by
dopants and, more generally, developed a better understanding of the role structure plays in the
properties of aluminas.

Keywords: mesoporous ordered and disordered alumina and doped alumina material, synthesis,
solvent deficient method, crystal structure characterization, pair distribution function analysis
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1

INTRODUCTION

1.1

General Application of Aluminas
The successful synthesis of mesoporous aluminas (Al2O3) by dehydration of aluminum

hydroxide in 19551 2opened a new area in the research of inorganic porous materials with abundant
applications as absorbents, abrasive materials, controlled desorption, ceramic membranes, paints,
3-6

refinery catalysis, pollution control,5,7 and especially in industrial catalysis and catalyst

supports.8-10 Mesoporous aluminas with pore diameters between 2 and 50 nm are of tremendous
interest for both fundamental research and technological applications,3,9,11-20 particularly when
they possess large surface areas, tunable pore sizes, high thermal stability, and narrow pore size
distributions. The presence of mesopores (1) enhances the active catalytic phase dispersion and
therefore increase the amount of accessible active sites and (2) improves the diffusion properties
of species involved in catalytic reactions.21

1.2

1.2.1

Phase Identification for Pure Alumina

Synthesis Methods
Current laboratory-based methods for preparation of mesoporous alumina generally involve

10 to 15 steps and may use toxic or expensive structure directing agents, surfactants, and

1

solvents.11,22-27 Ordered mesoporous aluminas (MAs) are synthesized by the following general
methods:
(1) employing the nanocasting pathway with bimodal mesoporous carbon as a hard
template,28
(2) a pathway based on a modified sol-gel self-assembly process in the presence of a soft
template such as a cationic, anionic, or nonionic surfactant as the structure-directing agent,11,24,2937

(3) using different surfactants as templates for ordered microfibers alumina preparation.38-40
These methods have several main disadvantages: (1) complicated preparation and time-consuming
synthesis process, (2) expensive and/or toxic structure directing agents are involved in the
synthesis and (3) the manipulation of pore size was not continuous since only particular values can
be produced.
Recently, our group reported an innovative, solvent deficient, one-step method to synthesize
pure and doped aluminas with high surface areas (up to 400 m2/g), pore volumes from 0.3 to 1.8
cm3/g, and pore diameters from 5 to 40 nm.8,41-44 The pore structure and particle size of alumina
can be easily controlled by changing synthetic parameters, such as the starting material,8 water to
aluminum molar ratio9 and alcohol used as a rinsing agent.10 The morphological control of
mesoporous alumina thus gives rise to a new class of promising candidates for catalytic supports
application. The versatility, simplicity, and cost efficiency of our solvent deficient method make
it attractive for a variety of applications, but the careful structural characterization is necessary to
ensure suitability.

2

1.2.2

Aluminum Hydroxides and Alumina Phase
Mesoporous Al2O3 phase transformations have been the subject of considerable study for

many years,44-58 since the properties and applications of aluminas is highly dependent on its
structure obtained through varied synthetic conditions. The Al2O3 phase transformation sequences
start with five crystalline aluminum hydroxides, namely gibbsite, bayerite, nordstrandite, diaspore,
and boehmite, each with crystals varying from the micron to millimeter size. They are heated to
cause dehydroxilation to one or more of the metastable “transitional” Al2O3 phases (chi (χ), eta
(η), kappa (κ), gamma (γ), delta (δ), and theta (θ)) before eventually reaching the
thermodynamically stable alpha phase.1,59-61 There are more than fifteen reported structural phases
in the Al2O3 phase diagram. A summary of the approximate transformation temperatures for the
various aluminas and their occurrence in the calcination pathways is provided in Figure 1.1. The
phases and transformation temperatures observed can be altered by changing synthetic conditions,
impurities, initial crystallite size, and hydrothermal treatment of the sample. The pore size, surface
area, thermal stability, and acid sites can be optimized by tailoring the preparation
conditions.1,11,26,31,62-68

3
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Figure 1.1 Most commonly reported phase transition sequences of the Al2O3 from hydroxides to corundum during
thermal treatment.

1.2.3

Alumina Structure Study
Traditional tools to study the atomic structure and phase transitions of alumina polymorphs

are mainly X‑ray powder diffraction (XRPD),45, 69-72 neutron diffraction,73 transmission electron
microscopy (TEM),37, 74-76 scanning electron microscopy (SEM),14,28,64 Fourier transform infrared
spectroscopy(FTIR),66,77-78 Raman spectroscopy79-82 and solid-state nuclear magnetic resonance
(NMR) spectroscopy.55,83-84 The kinetics of the γ to α-Al2O3 phase transformation was determined
by measuring the α-Al2O3 fraction formed through quantitative XRD.71 Previous mesoporous
aluminas were shown to possess a highly ordered 2D hexagonal mesostructure, which is resistant
up to 1000°C via TEM.66 For the first time, the

27

Al 3QMAS NMR spectra resolved

crystallographically different octahedral and tetrahedral Al sites in (γ, δ)-and θ-Al2O3 in the
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isotropic dimension.84 The crystal structure of κ-Al2O3 has been determined ab initio from an XRD
pattern,27Al NMR and TEM study and which showed the presence of two types of defects:
antiphase boundaries and 120° disorientations.83 In situ XRD and Rietveld refinement were
exploited to disclose the crystal structure and bond information of alumina phase at highpressure.70
In these cases, traditional tools can only gather information from Bragg diffraction from
crystal planes and provide estimated lattice parameters, but more specific local structure and the
arrangements of atoms are beyond the capability of X-ray diffractions. In addition, due to
configurational disorder and increased meta-stability of mesoporous alumina, a broad range of
transition temperatures between polymorphs exist, making it even more difficult to observe wellaligned diffraction patterns from such materials. Therefore, X-ray and neutron powder diffraction
peaks are found to be broad and diffuse with strong backgrounds, which makes it difficult or
impossible to distinguish between the various transitional phases (γ, δ, θ, η, χ, κ) with very similar
diffraction patterns (Figure 1.2). Additionally, the inherent structural disorder of transitional Al2O3
makes a single-crystal structure solution impossible and pushes the Rietveld refinement beyond
its limit. Without Rietveld refinement of diffraction data, traditional methods are limited to
providing bond information or crystal structure information within the unit cell range. Because of
the temperature range of stability for metastable aluminas overlap, two or more phases can coexist
in a sample within a given temperature range. It is also difficult to obtain the quantitative fractions
of alumina polymorphs using traditional methods. Therefore, a reliable crystallographic analysis
of the metastable transitional Al2O3 has proven extremely challenging and is still actively
studied.85-87
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Figure 1.2 Normalized XRD patterns of the 700°C Al2O3 sample compared to several transitional Al2O3 phases
(patterns simulated from those given by Wefers and Misra1)

More importantly, recent new discoveries about transitional alumina phases introduce
further complications into the alumina phase transition sequence. A new phase, gamma-primealumina (γ′-Al2O3), was observed using solid-state NMR spectra, X-ray and neutron diffraction
patterns, Rietveld analysis of the neutron diffraction data, and TEM selected area electron
diffraction patterns.73 γ′-Al2O3 was determined to be a triple cell of γ-Al2O3 in the P4� m2 space

group and considered as a series of transition states within the γ-Al2O3 to θ-Al2O3 transformation.

In addition, crystallographic information of two different δ-Al2O3 phases was obtained by a
combination of high-angle annular dark field electron microscopy imaging, XRD, and DFT
calculations.88 The structure of δ-Al2O3 was represented as a complex structural intergrowth from
two main crystallographic variants, which are fully structurally described. The computational
energy of formation results illustrates that the complex intergrowths among two δ-Al2O3 phases
and θ-Al2O3 were due to energetic degeneracy. Therefore, detailed local structure analysis is
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critical to investigate the relationship among complicated alumina phases and provide a full
landscape of their evolution.

1.2.4

Pair Distribution Function Analysis at Atomic Level
Atomic pair distribution function (PDF) analysis of powder diffraction has been successfully

applied to obtain accurate structural information of crystallographically challenged materials.89-92
The advantage of using this technique over the traditional Bragg diffraction analysis is that it
includes all components for the diffraction intensities; both Bragg and diffuse scattering
contributions are incorporated, which is necessary when precise structural information about
poorly crystalline materials is required. Because the PDF offers quantitative scatter diffusion
information from disordered materials, it is used here to assess both the local and average structure
of mesoporous aluminas. The PDF analysis of porous aluminas has been reported previously by
several groups. Brühne et al. reveal atomic structure details of a layered Boehmite structure, which
is uniformly distorted within 2 nm nanoparticles.93 Phillips et al. employed differential pair
distribution function analysis to study the interfacial structure of arsenate oxyanions adsorbed on
γ-alumina nanoparticles.94 Paglia et al. applied PDF analysis of γ-Al2O3, to obtain its local
structure and to confirm that the oxygen sublattice retains aspects of the boehmite precursor that
reflects a stacking fault in the γ-Al2O3 matrix.95 However, only one γ-Al2O3 sample was measured
and only the phase transition from boehmite to gamma phase at 600°C was discussed in this work.
Samain et al. investigated a nm-scale local structures of two porous γ-Al2O3 samples and found the
tetragonal average structure contains a substantial fraction of “non-spinel” Al atoms.96 Although
these research efforts obtain valuable information, it is important to note that none of these studies
reported a thorough study of the entire phase transition sequence from aluminum hydroxide to αAl2O3. Smith et al. first performed PDF analyses of diffraction data on nanoscale pure and La7

doped alumina synthesized by a solvent deficient method using aluminum nitrate as starting
material,44,97 and the phase transition pathway for the 3-4 nm spherical alumina nanoparticle is
found to be the simplest: boehmite → γ → α.44,98 Given that mesoporous alumina with significantly
different morphology (spheres,44 plates,10,99 fibers20,40,100) and different phase transition pathways
are reported in the literature, it is of great importance to perform a detailed, systematic structure
analysis at the atomic level to shed light on the full spectrum of mesoporous alumina phase
transition.

1.2.5

Comparison BYU Alumina with Commercial Alumina
As mesoporous transitional alumina (Al2O3) is widely used as a catalyst support, the

structure and properties of commercial Al2O3 have been the subject of a substantial number of
studies. Mesoporous alumina can have significantly different morphologies (spheres,44 plates,10,99
fibers20,40,100), corresponding to different phase transition pathways and thermal stability. Crystal
structure and morphology affect the phase transformations of platelet- and rod-shape γ-Al2O3,
which subsequently displayed higher thermal stability compared with commercial alumina
(Puralox SBA-200 from Sasol)101. Potdar et al.102 found that the performance of nano-sized,
spherical gamma-alumina powders synthesized by a precipitation/digestion route are comparable
with γ-Al2O3 nanoparticle prepared from a Catapal-B (Sasol) boehmite sample. In this study, the
particle characteristics of a range of commercial γ-Al2O3 nanoparticles were investigated, notably
the crystallite morphology and the surface structure. Paglia et al.73,95,98,103 identified a phase
transition from tetragonal γ-Al2O3 to a new gamma-prime-alumina phase (γʹ-Al2O3) derived from
a commercial crystalline boehmite precursor that was calcined at 50°C intervals between 400 and
1000°C. Morphologies of these samples are plate-like large agglomerates with triangular-,
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rectangular-, and rhombic shapes with lengths ranging between 0.1- 4 μm and thicknesses ranging
between 0.1- 6 μm. Surface disorder and reconstruction on facetted cube-octahedral commercial
γ-Al2O3 nanoparticles, possessing a mixture of ‘long needlelike,’ ‘cubic,’ and facetted shapes, was
illustrated by using HRTEM for the crystal structure morphology analysis.104-105 Commercial and
porous rod-shaped γ-aluminas calcined at 700°C derived by a sol-gel-based process were
compared to reveal the local structure (~1 nm scale) and an average tetragonal structure with a
relationship between “non-spinel” Al atoms concentration and surface properties96. Industrial
methods of producing high-purity alumina are done through synthetic aluminum alkoxide
processing routes. It starts with the formation of alumina slurry as an aqueous intermediate, which
is then dried, calcined, sieved, and sifted under different conditions to generate various aluminum
hydroxide and aluminas, and doped versions thereof.106 However, this method involves a multistep preparation, including peptizing, refluxing, gelation, solvent exchanging, and supercritical
drying, which is relatively complicated and time-consuming. The innovative solvent deficient
method synthesized mesoporous aluminas give rise to a new class of promising candidates in high
industrial quantities for catalytic supports applications with reduced manufacturing costs.

1.3

1.3.1

Improve Hydrothermal Stability of Silica-doped Alumina

Synthesis of Silica-doped alumina
Gamma phase mesoporous aluminas (γ-Al2O3) are of tremendous interest for both

fundamental research and technological applications,3,9,11-20 particularly when they possess large
surface areas, tunable pore sizes, narrow pore size distributions, and high thermal stability.8-10
Generally, alumina pore structures collapse at high temperatures due to phase transformations from
metastable transitional phases to the stable alpha alumina (α-Al2O3) phase, also called corundum.
9

Thermal stability refers to a material’s ability to maintain phase and pore structure during a
sustained heat treatment under a given atmosphere. To improve the thermal stability of
mesoporous γ-alumina, dopants such as lanthanum,97 magnesium,34,107 zirconia,108-110 and
silica41,86-87,111-113 are often introduced. Dopant atoms, as “structural promoters,” delay the onset
of the transition to α-Al2O3 to stabilize the γ phase in the range of the catalytic applications.
Of these promoters, Al2O3 with SiO2 dopants have been widely studied in academic and
industry. Numerous studies have reported to synthesis stable silica-doped alumina. Silica-doping
is typically introduced in one of two ways:
(1) the silica dopants are added during the preparation of the alumina,
(2) the impregnation method is applied to modify alumina with silica.
The reaction of an alkali metal aluminate and silicate produced 7 % silica-alumina with high
porosity, with a surface area of 150 m2/g, and a pore volume of 0.9 cm3/g at 1100°C.114 The
synthesis method involves filtration, washing, and drying complicate steps. Alternatively,
impregnating alumina with polyorgano silane was proposed to produce 5.5 % silica-alumina
support with the surface area was 158.2 and 93 m2/g after heated at 1100 and 1200°C
respectively.115 Liquid-phase surface silica overcoating was used to modify the alumina support in
the aqueous phase to retard phase transformation of γ-Al2O3 and increase the lifetime of the
catalyst,116 but at the cost of the surface area dropping slightly after silica deposition. More reports
show that these supports do not maintain high surface areas and pore volumes at higher
temperatures.117-119 Another stable silica-doped alumina was made by an impregnation method
calcined at 1100°C had small surface area (68 m2/g) and pore volume (0.34 cm3/g) and moderately
large pore diameter (15 nm).118 Another effective silica-doped alumina supports loaded Rh
catalysts show small surface area (55m2/g) after calcination at 1200°C.120 Other complex methods
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involving solvents and pH adjustment techniques have also been utilized to yield stable silicadoped alumina. For example, Al2O3 with 2-10 % silica derived by a co-gel method was reported
to have a relatively high surface area of 318 m2/g but low pore volume of 0.46 cm3/g for with 5 %
doping concentration.121 Acid and base were applied in the sol preparation and gelation steps,
respectively. Aerogel and cryogel methods tend to generate silica-doped aluminas with the high
surface area and pore volume at high temperatures. For instance, Ji et al.122 fabricated thermal
stable silica-based aerogels and showed the sample with 0.1 Al/Si mole ratio calcined at 1100 °C
had the optimal surface area (103.5 m2/g) and total pore volume (0.25 cm3/g). Alumina with 2.5 to
10 % silica dopant was produce by a multi-step aerogel method involving a supercritical drying to
remove the solvent. A relatively high surface area of 150 m2/g and pore volume of 0.65 cm3/g are
reported after heating at 1200°C.123-124 However, their method involved a multi-step preparation,
such as peptizing, refluxing, gelation, solvent exchanging, and supercritical drying, which was
relatively complicated, costly and time-consuming.
While it is generally agreed that the silica dopant stabilizes the γ-Al2O3 phase at least up to
1100°C no matter the method of doping,112,125-126 there is no such consensus on the mechanism of
stabilization. Part of the disagreement centers on the location and environment of the Si4+, which
has been much debated. For alumina doped via impregnation by soaking, the majority of studies
have concluded that the Si4+ is deposited on or near the surface of the alumina.112,127-128 Several
have suggested that the silica dopant forms a SiO2 or Al2SiO5 layer or isolate particles on the Al2O3
surface.129-130 In contrast, when the silica dopant is added during the alumina synthesis via the solgel method, the dopant has been reported to incorporate into the alumina structure,41,

132-133

particularly at the low dopant levels (<5%) typically employed though isolated43, surface-bound
dopant sites have also been reported.131
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A one-pot procedure for silica-doping was easily accomplished using the solvent-deficient
method by simply adding tetraethyl orthosilicate (TEOS) with desired concentration to the typical
1:5 mole ratio of aluminum isopropoxide (AIP) and water reagents used in the solvent-deficient
synthesis of Al2O3.41 The method then proceeded as described previously for pure Al2O3; the
reagents were mixing to produce slurry precursor material, which was calcined for 2 h at the
desired temperature to produce the silica-doped Al2O3 nanoparticles. The solvent deficient method
to synthesized doped aluminas have higher surface areas, larger pore volumes and pore diameters
compared with pure aluminas.8,41-44 The pore structure and particle size of doped alumina can be
easily controlled by changing synthetic parameters, such as starting material,8 water to aluminum
molar ratio,9 and alcohol used as a rinsing agent.10 More significantly, our silica-doped aluminas41
are stable up to temperatures as high as 1400°C, which is roughly 300°C higher than other pure
and doped gamma alumina materials. Due to their high thermal stability, our silica-doped alumina
support pretreated at 1100°C provides desirable properties for a Fischer-Tropsch catalyst with a
low number of acid sites and weak metal oxide-support interactions.127,132

1.3.2

Silica-doped Alumina Locations
In the unique solvent-deficient synthetic environment, the silica dopant is added during the

Al2O3 synthetic reaction instead of after the Al2O3 is formed.41 Considering the variation in the
reported dopant locations,97,112,133 it is necessary to determine the location of the SiO2 dopants to
reveal the stabilization mechanism in our silica-doped Al2O3. Based on the previous study of the
dopant location in doped Al2O3,97,133 at least four possible scenarios (illustrated in Figure 1.3) could
be envisioned for the SiO2 dopants to reside: the SiO2 could be
(1) intercalating into the alumina lattice by substituting for the tetrahedral/octahedral
coordinated Al atoms or vacancy sites,133
12

(2) forming SiO2 or Al2SiO5 nanoparticles completely separate from the alumina phase,131
(3) forming a protective shell of SiO2 or Al2SiO5 around the alumina core particles,134
(4) residing on the grain boundaries of the alumina lattice.135-136

Figure 1.3 Schematic representation of the four possible locations for the silica-dopants to reside in alumina.

One goal of this thesis is to reveal the SiO2 dopant location by testing the listed scenarios
through a wide range of different techniques. A detailed understanding of the local structure of
SiO2 dopants in Al2O3 is tackled to provide critical insight into the rational design of doped alumina
materials in catalytic applications.

1.4

Hydrothermal Stability
The thermal and hydrothermal stabilities of pure and doped aluminas have been widely

studied. Lin et al.137 compared phase and pore structure before and after calcination in dry and
steam atmospheres for sol-gel derived γ-alumina, TiO2, and ZrO2 Above a certain temperature
(900°C for alumina, 600°C for zirconia, and 450°C for titania), the pore structure changed
significantly as metastable phases began to transition into thermodynamically stable phases.
Gallaher et al.138 reported that steam treatment accelerated the pore size growth of a commercial
γ-Al2O3 membrane at 650°C without significantly changing the pore size distribution. Shang et
al.139 determined that gamma alumina synthesized by partial hydrolysis of an aluminum nitrate
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solution was thermally stable up to 900°C and hydrothermally stable up to 800°C. Murrell et al.140
observed that dispersed colloidal silica stabilized alumina surface area at high temperature under
steam treatment. Aluminas prepared with several dopants, including Ba, Sr, La, Sn, SiO2, and PO4,
were shown to exhibit larger pore size and higher surface area stability under steam.141 Alumina
has been stabilized toward sintering by reacting a silicon-containing precursor with the hydroxyl
groups of alumina in the presence of steam, thereby grafting 3 wt% silicon to the surface.142 These
studies indicate that undesirable structure changes during thermal and hydrothermal treatment can
be retarded by the inclusion of dopants.

1.5

Overview of Dissertation
Chapter 1 provides a general introduction of aluminum hydroxide, alumina, and doped

alumina,

describing

their

applications,

synthesis

methods,

structures,

properties,

thermal/hydrothermal stability, and the problems associated with determining the structure of
mesoporous Al2O3.
Chapter 2 introduces characterization techniques to determine the physical and structural
properties of the solid-state materials in this research.
Chapter 3 reports a Pair Distribution Function analysis study of the alumina local structure
to separate general trends from variations in synthetic method or conditions at the atomic level.
For the first time, an unprecedented phase progression of our alkoxide derived alumina have been
elucidated with unique properties.
Chapter 4 detail s investigation and comparison of the structure and properties between
commercially available Al2O3 nanoparticles and solvent-deficient method derived Al2O3 as a
function of synthetic calcination temperature. Aluminas synthesized by the solvent deficient
method have a relatively high surface area, large pore volume and tunable pore size. Thus, these
14

easily prepared materials with improved properties offer promise for improvements in a number
of catalytic applications, specifically, with 10-20 nm pore sizes, they are suitable for the metals
Fe, Co catalysts applied in Fischer-Tropsch synthesis.132
Chapter 5 presents and discusses the dopant location in silica-doped aluminas
nanomaterials synthesized via the solvent deficient method. In this chapter, the effects of different
concentration of SiO2 dopants [5, 15, and 27 wt.%] on the phase transition and structural geometry
of alumina are reported. A suite of state-of-the-art structural probes was utilized to test the
hypothesis that the local structure and positioning of silica atoms could largely influence the
structural transition and phase composition of doped alumina due to their interactions with the
Al2O3 host lattice, providing critical insight into the rational design of alumina materials.
Chapter 6 describes the thermal and hydrothermal stabilities of four series of γ-Al2O3
prepared by our solvent deficient method with the addition of 0-27 wt % silica dopants. Samples
were heated to temperatures between 700 and 1200 °C in air and steam/air atmospheres, and Xray diffraction and N2 adsorption were used to characterize the mesoporous properties and phase
transformations for each sample. The present research describes the impact of silica dopants on
the phase transition from γ-Al2O3 to α-Al2O3 as well as how steam affects the pore growth and the
sintering of transitional aluminas. These findings will help identify conditions for utilizing γ-Al2O3
synthesized using our solvent deficient method in catalytic reactions at high temperature with or
without steam.

1.6

Reference

1.

Wefers, K.; Misra, C., Oxides and hydroxides of aluminum. 1987.

2.

Cornelius, E. B.; Milliken, T. H.; Mills, G. A.; Oblad, A. G., Surface Strain in Oxide
Cata1ysts–A1umina. The Journal of Physical Chemistry 1955, 59 (9), 809-813.
15

3.

Anderson, M. A.; Gieselmann, M. J.; Xu, Q., Titania and alumina ceramic membranes.
Journal of Membrane Science 1988, 39 (3), 243-258.

4.

Gergely, A.; Pfeifer, É.; Bertóti, I.; Török, T.; Kálmán, E., Corrosion protection of cold-rolled
steel by zinc-rich epoxy paint coatings loaded with nano-size alumina supported polypyrrole.
Corrosion Science 2011, 53 (11), 3486-3499.

5.

Hart, L. D., Alumina chemicals : science and technology handbook. American Ceramic
Society: Westerville, OH, 1990; p 617 p.

6.

Trimm, D. L.; Stanislaus, A., The control of pore size in alumina catalyst supports: A review.
Applied Catalysis 1986, 21 (2), 215-238.

7.

Keats, J. A., An introduction to quantitative psychology. J. Wiley & Sons Australasia:
Sydney; New York, 1971.

8.

Huang, B.; Bartholomew, C. H.; Smith, S. J.; Woodfield, B. F., Facile solvent-deficient
synthesis of mesoporous γ-alumina with controlled pore structures. Microporous and
Mesoporous Materials 2013, 165 (Supplement C), 70-78.

9.

Huang, B.; Bartholomew, C. H.; Woodfield, B. F., Facile synthesis of mesoporous γ-alumina
with tunable pore size: The effects of water to aluminum molar ratio in hydrolysis of
aluminum alkoxides. Microporous and Mesoporous Materials 2014, 183 (Supplement C),
37-47.

10.

Huang, B.; Bartholomew, C. H.; Woodfield, B. F., Facile structure-controlled synthesis of
mesoporous γ-alumina: Effects of alcohols in precursor formation and calcination.
Microporous and Mesoporous Materials 2013, 177 (Supplement C), 37-46.

11.

Márquez‐Alvarez, C.; Žilková, N.; Pérez‐Pariente, J.; Čejka, J., Synthesis, Characterization
and Catalytic Applications of Organized Mesoporous Aluminas. Catal. Rev. 2008, 50 (2),
222-286.

12.

Tabib Zadeh Adibi, P.; Pingel, T.; Olsson, E.; Grönbeck, H.; Langhammer, C., Plasmonic
Nanospectroscopy of Platinum Catalyst Nanoparticle Sintering in a Mesoporous Alumina
Support. ACS Nano 2016, 10 (5), 5063-5069.

16

13.

Zhao, R.-H.; Li, C.-P.; Guo, F.; Chen, J.-F., Scale-up Preparation of Organized Mesoporous
Alumina in a Rotating Packed Bed. Industrial & Engineering Chemistry Research 2007, 46
(10), 3317-3320.

14.

Dacquin, J.-P.; Dhainaut, J.; Duprez, D.; Royer, S.; Lee, A. F.; Wilson, K., An Efficient Route
to Highly Organized, Tunable Macroporous−Mesoporous Alumina. Journal of the American
Chemical Society 2009, 131 (36), 12896-12897.

15.

Chaikittisilp, W.; Kim, H.-J.; Jones, C. W., Mesoporous Alumina-Supported Amines as
Potential Steam-Stable Adsorbents for Capturing CO2 from Simulated Flue Gas and
Ambient Air. Energy & Fuels 2011, 25 (11), 5528-5537.

16.

Bagshaw, S. A.; Pinnavaia, T. J., Mesoporous Alumina Molecular Sieves. Angewandte
Chemie International Edition in English 1996, 35 (10), 1102-1105.

17.

Kasprzyk-Hordern, B., Chemistry of alumina, reactions in aqueous solution and its
application in water treatment. Advances in Colloid and Interface Science 2004, 110 (1), 1948.

18.

Morris, S. M.; Fulvio, P. F.; Jaroniec, M., Ordered Mesoporous Alumina-Supported Metal
Oxides. Journal of the American Chemical Society 2008, 130 (45), 15210-15216.

19.

Yuan, Q.; Duan, H.-H.; Li, L.-L.; Li, Z.-X.; Duan, W.-T.; Zhang, L.-S.; Song, W.-G.; Yan,
C.-H., Homogeneously Dispersed Ceria Nanocatalyst Stabilized with Ordered Mesoporous
Alumina. Advanced Materials 2010, 22 (13), 1475-1478.

20.

Shen, J.; Li, Z.; Wu, Y.-n.; Zhang, B.; Li, F., Dendrimer-based preparation of mesoporous
alumina nanofibers by electrospinning and their application in dye adsorption. Chemical
Engineering Journal 2015, 264 (Supplement C), 48-55.

21.

Groen, J. C.; Zhu, W.; Brouwer, S.; Huynink, S. J.; Kapteijn, F.; Moulijn, J. A.; PérezRamírez, J., Direct Demonstration of Enhanced Diffusion in Mesoporous ZSM-5 Zeolite
Obtained via Controlled Desilication. Journal of the American Chemical Society 2007, 129
(2), 355-360.

22.

Fulvio, P. F.; Brosey, R. I.; Jaroniec, M., Synthesis of Mesoporous Alumina from Boehmite
in the Presence of Triblock Copolymer. ACS Applied Materials & Interfaces 2010, 2 (2),
588-593.

17

23.

Niesz, K.; Yang, P.; Somorjai, G. A., Sol-gel synthesis of ordered mesoporous alumina.
Chemical communications 2005, (15), 1986-1987.

24.

Cai, W.; Yu, J.; Anand, C.; Vinu, A.; Jaroniec, M., Facile Synthesis of Ordered Mesoporous
Alumina and Alumina-Supported Metal Oxides with Tailored Adsorption and Framework
Properties. Chemistry of Materials 2011, 23 (5), 1147-1157.

25.

Ray, J. C.; You, K.-S.; Ahn, J.-W.; Ahn, W.-S., Mesoporous alumina (I): Comparison of
synthesis schemes using anionic, cationic, and non-ionic surfactants. Microporous and
Mesoporous Materials 2007, 100 (1), 183-190.

26.

Vaudry, F.; Khodabandeh, S.; Davis, M. E., Synthesis of Pure Alumina Mesoporous
Materials. Chemistry of Materials 1996, 8 (7), 1451-1464.

27.

Park; Yang, S. H.; Jun, Y.-S.; Hong, W. H.; Kang, J. K., Facile Route to Synthesize LargeMesoporous γ-Alumina by Room Temperature Ionic Liquids. Chemistry of Materials 2007,
19 (3), 535-542.

28.

Wu, Z.; Li, Q.; Feng, D.; Webley, P. A.; Zhao, D., Ordered Mesoporous Crystalline γ-Al2O3
with Variable Architecture and Porosity from a Single Hard Template. Journal of the
American Chemical Society 2010, 132 (34), 12042-12050.

29.

Wei, J.; Ren, Y.; Luo, W.; Sun, Z.; Cheng, X.; Li, Y.; Deng, Y.; Elzatahry, A. A.; Al-Dahyan,
D.; Zhao, D., Ordered Mesoporous Alumina with Ultra-Large Pores as an Efficient
Absorbent for Selective Bioenrichment. Chemistry of Materials 2017, 29 (5), 2211-2217.

30.

Baumann, T. F.; Gash, A. E.; Chinn, S. C.; Sawvel, A. M.; Maxwell, R. S.; Satcher, J. H.,
Synthesis of High-Surface-Area Alumina Aerogels without the Use of Alkoxide Precursors.
Chemistry of Materials 2005, 17 (2), 395-401.

31.

Čejka, J., Organized mesoporous alumina: synthesis, structure and potential in catalysis.
Applied Catalysis A: General 2003, 254 (2), 327-338.

32.

Maekawa, H.; Tanaka, R.; Sato, T.; Fujimaki, Y.; Yamamura, T., Size-dependent ionic
conductivity observed for ordered mesoporous alumina-LiI composite. Solid State Ionics
2004, 175 (1), 281-285.

18

33.

Kim, P.; Kim, Y.; Kim, H.; Song, I. K.; Yi, J., Synthesis and characterization of mesoporous
alumina with nickel incorporated for use in the partial oxidation of methane into synthesis
gas. Applied Catalysis A: General 2004, 272 (1), 157-166.

34.

Paul, M.; Pal, N.; Mondal, J.; Sasidharan, M.; Bhaumik, A., New mesoporous magnesium–
aluminum mixed oxide and its catalytic activity in liquid phase Baeyer–Villiger oxidation
reaction. Chemical Engineering Science 2012, 71, 564-572.

35.

Xu, B.; Xiao, T.; Yan, Z.; Sun, X.; Sloan, J.; González-Cortés, S. L.; Alshahrani, F.; Green,
M. L. H., Synthesis of mesoporous alumina with highly thermal stability using glucose
template in aqueous system. Microporous and Mesoporous Materials 2006, 91 (1), 293-295.

36.

Kondo, J. N.; Domen, K., Crystallization of Mesoporous Metal Oxides. Chemistry of
Materials 2008, 20 (3), 835-847.

37.

Ghosh, S.; Naskar, M. K., Understanding the Role of Triblock Copolymers for the Synthesis
of Mesoporous Alumina, and Its Adsorption Efficiency for Congo Red. Journal of the
American Ceramic Society 2014, 97 (1), 100-106.

38.

Zhang, Z.; Pinnavaia, T. J., Mesoporous γ-Alumina Formed Through the SurfactantMediated Scaffolding of Peptized Pseudoboehmite Nanoparticles. Langmuir 2010, 26 (12),
10063-10067.

39.

Hicks, R. W.; Pinnavaia, T. J., Nanoparticle Assembly of Mesoporous AlOOH (Boehmite).
Chemistry of Materials 2003, 15 (1), 78-82.

40.

He, X.; Li, G.; Liu, H.; Li, J.; Zhu, Z., Thermal Behavior of Alumina Microfibers Precursor
Prepared by Surfactant Assisted Microwave Hydrothermal. Journal of the American
Ceramic Society 2012, 95 (11), 3638-3642.

41.

Mardkhe, M. K.; Huang, B.; Bartholomew, C. H.; Alam, T. M.; Woodfield, B. F., Synthesis
and characterization of silica doped alumina catalyst support with superior thermal stability
and unique pore properties. Journal of Porous Materials 2016, 23 (2), 475-487.

42.

Mardkhe, M. K.; Lawson, J.; Huang, B.; Handly, E. D.; Woodfield, B. F., A statistical
approach to control porosity in silica-doped alumina supports. Microporous and Mesoporous
Materials 2015, 210, 116-124.

19

43.

Mardkhe, M. K.; Keyvanloo, K.; Bartholomew, C. H.; Hecker, W. C.; Alam, T. M.;
Woodfield, B. F., Acid site properties of thermally stable, silica-doped alumina as a function
of silica/alumina ratio and calcination temperature. Applied Catalysis A: General 2014, 482,
16-23.

44.

Smith, S. J.; Amin, S.; Woodfield, B. F.; Boerio-Goates, J.; Campbell, B. J., Phase
Progression of γ-Al2O3 Nanoparticles Synthesized in a Solvent-Deficient Environment.
Inorganic Chemistry 2013, 52 (8), 4411-4423.

45.

Macêdo, M. I. F.; Bertran, C. A.; Osawa, C. C., Kinetics of the γ → α-alumina phase
transformation by quantitative X-ray diffraction. Journal of Materials Science 2007, 42 (8),
2830-2836.

46.

He, J.; Liu, W.; Zhu, L.-H.; Huang, Q.-W., Phase transformation behaviors of aluminum
hydroxides to alpha alumina in air and molten salt. Journal of Materials Science 2005, 40
(12), 3259-3261.

47.

Wang, Y.; Suryanarayana, C.; An, L., Phase Transformation in Nanometer-Sized γ-Alumina
by Mechanical Milling. Journal of the American Ceramic Society 2005, 88 (3), 780-783.

48.

Legros, C.; Carry, C.; Bowen, P.; Hofmann, H., Sintering of a transition alumina: effects of
phase transformation, powder characteristics and thermal cycle. Journal of the European
Ceramic Society 1999, 19 (11), 1967-1978.

49.

Laiti, E.; Persson, P.; Öhman, L.-O., Balance between Surface Complexation and Surface
Phase Transformation at the Alumina/Water Interface. Langmuir 1998, 14 (4), 825-831.

50.

Jayaram, V.; Levi, C. G., The structure of δ-alumina evolved from the melt and the γ → δ
transformation. Acta Metallurgica 1989, 37 (2), 569-578.

51.

Busca, G., The surface of transitional aluminas: A critical review. Catalysis Today 2014, 226
(Supplement C), 2-13.

52.

Düvel, A.; Romanova, E.; Sharifi, M.; Freude, D.; Wark, M.; Heitjans, P.; Wilkening, M.,
Mechanically Induced Phase Transformation of γ-Al2O3 into α-Al2O3. Access to
Structurally Disordered γ-Al2O3 with a Controllable Amount of Pentacoordinated Al Sites.
The Journal of Physical Chemistry C 2011, 115 (46), 22770-22780.

20

53.

Kwak, J. H.; Peden, C. H. F.; Szanyi, J., Using a Surface-Sensitive Chemical Probe and a
Bulk Structure Technique to Monitor the γ- to θ-Al2O3 Phase Transformation. The Journal
of Physical Chemistry C 2011, 115 (25), 12575-12579.

54.

Wischert, R.; Florian, P.; Copéret, C.; Massiot, D.; Sautet, P., Visibility of Al Surface Sites
of γ-Alumina: A Combined Computational and Experimental Point of View. The Journal of
Physical Chemistry C 2014, 118 (28), 15292-15299.

55.

Hu, J. Z.; Zhang, X.; Jaegers, N. R.; Wan, C.; Graham, T. R.; Hu, M.; Pearce, C. I.; Felmy,
A. R.; Clark, S. B.; Rosso, K. M., Transitions in Al Coordination during Gibbsite
Crystallization Using High-Field 27Al and 23Na MAS NMR Spectroscopy. The Journal of
Physical Chemistry C 2017, 121 (49), 27555-27562.

56.

Kwak, J. H.; Hu, J.; Lukaski, A.; Kim, D. H.; Szanyi, J.; Peden, C. H. F., Role of
Pentacoordinated Al3+ Ions in the High Temperature Phase Transformation of γ-Al2O3. The
Journal of Physical Chemistry C 2008, 112 (25), 9486-9492.

57.

Ravenelle, R. M.; Copeland, J. R.; Kim, W.-G.; Crittenden, J. C.; Sievers, C., Structural
Changes of γ-Al2O3-Supported Catalysts in Hot Liquid Water. ACS Catal. 2011, 1 (5), 552561.

58.

Costa, T. M. H.; Gallas, M. R.; Benvenutti, E. V.; da Jornada, J. A. H., Study of
Nanocrystalline γ-Al2O3 Produced by High-Pressure Compaction. The Journal of Physical
Chemistry B 1999, 103 (21), 4278-4284.

59.

Levin, I.; Brandon, D., Metastable alumina polymorphs: crystal structures and transition
sequences. Journal of the American Ceramic Society 1998, 81 (8), 1995-2012.

60.

Kozawa, T.; Naito, M., Mechanically induced formation of metastable χ- and κ-Al2O3 from
boehmite. Advanced Powder Technology 2016, 27 (3), 935-939.

61.

Ruberto, C.; Yourdshahyan, Y.; Lundqvist, B. I., Surface properties of metastable alumina:
A comparative study of \ensuremath{\kappa}- and $\ensuremath{\alpha}\ensuremath{}{\mathrm{Al}}_{2}{\mathrm{O}}_{3}$. Physical Review B 2003, 67 (19), 195412.

62.

Trueba, M.; Trasatti, S. P., γ-Alumina as a Support for Catalysts: A Review of Fundamental
Aspects. European Journal of Inorganic Chemistry 2005, 2005 (17), 3393-3403.

21

63.

Lesaint, C.; Glomm, W. R.; Borg, Ø.; Eri, S.; Rytter, E.; Øye, G., Synthesis and
characterization of mesoporous alumina with large pore size and their performance in
Fischer–Tropsch synthesis. Applied Catalysis A: General 2008, 351 (1), 131-135.

64.

Wu, Q.; Zhang, F.; Yang, J.; Li, Q.; Tu, B.; Zhao, D., Synthesis of ordered mesoporous
alumina with large pore sizes and hierarchical structure. Microporous and Mesoporous
Materials 2011, 143 (2), 406-412.

65.

Nguefack, M.; Popa, A. F.; Rossignol, S.; Kappenstein, C., Preparation of alumina through
a sol-gel process. Synthesis, characterization, thermal evolution and model of intermediate
boehmite. Physical Chemistry Chemical Physics 2003, 5 (19), 4279-4289.

66.

Yuan, Q.; Yin, A.-X.; Luo, C.; Sun, L.-D.; Zhang, Y.-W.; Duan, W.-T.; Liu, H.-C.; Yan, C.H., Facile Synthesis for Ordered Mesoporous γ-Aluminas with High Thermal Stability.
Journal of the American Chemical Society 2008, 130 (11), 3465-3472.

67.

Wang, J. A.; Bokhimi, X.; Morales, A.; Novaro, O.; López, T.; Gómez, R., Aluminum Local
Environment and Defects in the Crystalline Structure of Sol−Gel Alumina Catalyst. The
Journal of Physical Chemistry B 1999, 103 (2), 299-303.

68.

Feng, R.; Liu, S.; Bai, P.; Qiao, K.; Wang, Y.; Al-Megren, H. A.; Rood, M. J.; Yan, Z.,
Preparation and Characterization of γ-Al2O3 with Rich Brønsted Acid Sites and Its
Application in the Fluid Catalytic Cracking Process. The Journal of Physical Chemistry C
2014, 118 (12), 6226-6234.

69.

Gan, B. K.; Madsen, I. C.; Hockridge, J. G., In situ X-ray diffraction of the transformation
of gibbsite to α-alumina through calcination: effect of particle size and heating rate. Journal
of Applied Crystallography 2009, 42 (4), 697-705.

70.

Lin, J.-F.; Degtyareva, O.; Prewitt, C. T.; Dera, P.; Sata, N.; Gregoryanz, E.; Mao, H.-k.;
Hemley, R. J., Crystal structure of a high-pressure/high-temperature phase of alumina by in
situ X-ray diffraction. Nature materials 2004, 3 (6), 389-393.

71.

Macêdo, M. I. F.; Bertran, C. A.; Osawa, C. C., Kinetics of the γ→ α-alumina phase
transformation by quantitative X-ray diffraction. Journal of materials science 2007, 42 (8),
2830-2836.

72.

Cava, S.; Tebcherani, S. M.; Souza, I. A.; Pianaro, S. A.; Paskocimas, C. A.; Longo, E.;
Varela, J. A., Structural characterization of phase transition of Al2O3 nanopowders obtained
by polymeric precursor method. Materials Chemistry and Physics 2007, 103 (2), 394-399.
22

73.

Paglia, G.; Buckley, C. E.; Rohl, A. L.; Hart, R. D.; Winter, K.; Studer, A. J.; Hunter, B. A.;
Hanna, J. V., Boehmite Derived γ-Alumina System. 1. Structural Evolution with
Temperature, with the Identification and Structural Determination of a New Transition
Phase, γ‘-Alumina. Chemistry of Materials 2004, 16 (2), 220-236.

74.

Yang, X.; Pierre, A. C.; Uhlmann, D. R., TEM study of boehmite gels and their
transformation to α-alumina. Journal of Non-Crystalline Solids 1988, 100 (1), 371-377.

75.

Kovarik, L.; Bowden, M.; Shi, D.; Washton, N. M.; Andersen, A.; Hu, J. Z.; Lee, J.; Szanyi,
J.; Kwak, J.-H.; Peden, C. H. F., Unraveling the Origin of Structural Disorder in High
Temperature Transition Al2O3: Structure of θ-Al2O3. Chemistry of Materials 2015, 27 (20),
7042-7049.

76.

Chang, P.-L.; Yen, F.-S.; Cheng, K.-C.; Wen, H.-L., Examinations on the Critical and Primary
Crystallite Sizes during θ- to α-Phase Transformation of Ultrafine Alumina Powders. Nano
Letters 2001, 1 (5), 253-261.

77.

Boumaza, A.; Favaro, L.; Lédion, J.; Sattonnay, G.; Brubach, J. B.; Berthet, P.; Huntz, A. M.;
Roy, P.; Tétot, R., Transition alumina phases induced by heat treatment of boehmite: An Xray diffraction and infrared spectroscopy study. Journal of Solid State Chemistry 2009, 182
(5), 1171-1176.

78.

Baraton, M. I.; Ouintard, P., Infrared evidence of order-disorder phase transitions (γ→δα) in
Al2O3. Journal of Molecular Structure 1982, 79, 337-340.

79.

Doss, C. J.; Zallen, R., Raman studies of sol-gel alumina: finite-size effects in
nanocrystalline AlO (OH). Physical Review B 1993, 48 (21), 15626.

80.

Deo, G.; Hardcastle, F. D.; Richards, M.; Hirt, A. M.; Wachs, I. E., Raman spectroscopy of
vanadium oxide supported on alumina. ACS Publications: 1990.

81.

Porto, S. P. S.; Krishnan, R. S., Raman effect of corundum. The Journal of Chemical Physics
1967, 47 (3), 1009-1012.

82.

Kiss, A. B.; Keresztury, G.; Farkas, L., Raman and i.r. spectra and structure of boehmite (γAlOOH). Evidence for the recently discarded D172h space group. Spectrochimica Acta Part
A: Molecular Spectroscopy 1980, 36 (7), 653-658.

23

83.

Ollivier, B.; Retoux, R.; Lacorre, P.; Massiot, D.; Férey, G., Crystal structure of κ-alumina:
an X-ray powder diffraction, TEM and NMR study. Journal of Materials Chemistry 1997, 7
(6), 1049-1056.

84.

Kim, H. N.; Lee, S. K., Effect of particle size on phase transitions in metastable alumina
nanoparticles: A view from high-resolution solid-state 27Al NMR study. American
Mineralogist 2013, 98 (7), 1198-1210.

85.

Calvin, J. J.; Asplund, M.; Zhang, Y.; Huang, B.; Woodfield, B. F., Heat capacity and
thermodynamic functions of γ-Al2O3. The Journal of Chemical Thermodynamics 2017, 112,
77-85.

86.

Calvin, J. J.; Asplund, M.; Zhang, Y.; Huang, B.; Woodfield, B. F., Heat capacity and
thermodynamic functions of boehmite (AlOOH) and silica-doped boehmite. The Journal of
Chemical Thermodynamics 2018, 118, 338-345.

87.

Asplund, M.; Calvin, J. J.; Zhang, Y.; Huang, B.; Woodfield, B. F., Heat capacity and
thermodynamic functions of silica-doped γ-Al2O3. The Journal of Chemical
Thermodynamics 2018, 118, 165-174.

88.

Kovarik, L.; Bowden, M.; Genc, A.; Szanyi, J.; Peden, C. H. F.; Kwak, J. H., Structure of δAlumina: Toward the Atomic Level Understanding of Transition Alumina Phases. The
Journal of Physical Chemistry C 2014, 118 (31), 18051-18058.

89.

Billinge, S. J. L.; Kanatzidis, M. G., Beyond crystallography: the study of disorder,
nanocrystallinity and crystallographically challenged materials with pair distribution
functions. Chemical Communications 2004, (7), 749-760.

90.

Chupas, P. J.; Qiu, X.; Hanson, J. C.; Lee, P. L.; Grey, C. P.; Billinge, S. J. L., Rapidacquisition pair distribution function (RA-PDF) analysis. Journal of Applied
Crystallography 2003, 36 (6), 1342-1347.

91.

Petkov, V.; Billinge, S. J. L.; Heising, J.; Kanatzidis, M. G., Application of Atomic Pair
Distribution Function Analysis to Materials with Intrinsic Disorder. Three-Dimensional
Structure of Exfoliated-Restacked WS2: Not Just a Random Turbostratic Assembly of
Layers. Journal of the American Chemical Society 2000, 122 (47), 11571-11576.

92.

Billinge, S. J. L., Real-space rietveld: full profile structural refinement of the atomic pair
distribution function. In Local Structure from Diffraction, Springer: 2002; pp 137-156.

24

93.

Brühne, S.; Gottlieb, S.; Assmus, W.; Alig, E.; Schmidt, M. U., Atomic Structure Analysis
of Nanocrystalline Boehmite AlO(OH). Crystal Growth & Design 2008, 8 (2), 489-493.

94.

Li, W.; Harrington, R.; Tang, Y.; Kubicki, J. D.; Aryanpour, M.; Reeder, R. J.; Parise, J. B.;
Phillips, B. L., Differential Pair Distribution Function Study of the Structure of Arsenate
Adsorbed on Nanocrystalline γ-Alumina. Environmental Science & Technology 2011, 45
(22), 9687-9692.

95.

Paglia, G.; Božin, E. S.; Billinge, S. J. L., Fine-Scale Nanostructure in γ-Al2O3. Chemistry
of Materials 2006, 18 (14), 3242-3248.

96.

Samain, L.; Jaworski, A.; Edén, M.; Ladd, D. M.; Seo, D.-K.; Javier Garcia-Garcia, F.;
Häussermann, U., Structural analysis of highly porous γ-Al2O3. Journal of Solid State
Chemistry 2014, 217, 1-8.

97.

Smith, S. J.; Huang, B.; Bartholomew, C. H.; Campbell, B. J.; Boerio-Goates, J.; Woodfield,
B. F., La-Dopant Location in La-Doped γ-Al2O3 Nanoparticles Synthesized Using a Novel
One-Pot Process. The Journal of Physical Chemistry C 2015, 119 (44), 25053-25062.

98.

Paglia, G.; Buckley, C. E.; Rohl, A. L.; Hunter, B. A.; Hart, R. D.; Hanna, J. V.; Byrne, L. T.,
Tetragonal structure model for boehmite-derived gamma-alumina. Physical Review B 2003,
68 (14), 144110.

99.

Lepot, N.; Van Bael, M. K.; Van den Rul, H.; D’Haen, J.; Peeters, R.; Franco, D.; Mullens,
J., Synthesis of platelet-shaped boehmite and γ-alumina nanoparticles via an aqueous route.
Ceramics International 2008, 34 (8), 1971-1974.

100. Maki, T.; Sakka, S., Preparation of alumina fibers by sol-gel method. Journal of NonCrystalline Solids 1988, 100 (1), 303-308.
101. Lee, J.; Jeon, H.; Oh, D. G.; Szanyi, J.; Kwak, J. H., Morphology-dependent phase
transformation of γ-Al2O3. Applied Catalysis A: General 2015, 500, 58-68.
102. Potdar, H. S.; Jun, K.-W.; Bae, J. W.; Kim, S.-M.; Lee, Y.-J., Synthesis of nano-sized porous
γ-alumina powder via a precipitation/digestion route. Applied Catalysis A: General 2007,
321 (2), 109-116.

25

103. Paglia, G.; Buckley, C. E.; Udovic, T. J.; Rohl, A. L.; Jones, F.; Maitland, C. F.; Connolly, J.,
Boehmite-Derived γ-Alumina System. 2. Consideration of Hydrogen and Surface Effects.
Chemistry of Materials 2004, 16 (10), 1914-1923.
104. Rozita, Y.; Brydson, R.; Scott, A. J., An investigation of commercial gamma-Al 2 O 3
nanoparticles. Journal of Physics: Conference Series 2010, 241 (1), 012096.
105. Rozita, Y.; Brydson, R.; Comyn Tim, P.; Scott Andrew, J.; Hammond, C.; Brown, A.;
Chauruka, S.; Hassanpour, A.; Young Neil, P.; Kirkland Angus, I.; Sawada, H.; Smith Ron,
I., A Study of Commercial Nanoparticulate γ‐Al2O3 Catalyst Supports. ChemCatChem
2013, 5 (9), 2695-2706.
106. ALUMINA
PRODUCTION
http://www.sasolgermany.de/index.php?id=alumina-home.

PROCESS.

107. Ivanov, V. V.; Ivin, S. Y.; Medvedev, A. I.; Paranin, S. N.; Khrustov, V. R.; Shtol'tz, A. K.,
Fabrication of Mg- and Ti-Doped Submicron-Grained Alpha-Alumina-Based Ceramics.
Inorganic Materials 2001, 37 (2), 194-201.
108. Chandradass, J.; Jae Hong, Y.; Dong-sik, B., Low Temperature Synthesis and
Characterization of Zirconia Doped Alumina Nanopowder by Hydrothermal Process.
Materials & Manufacturing Processes 2008, 23 (2), 139-143.
109. Yoshida, H.; Okada, K.; Ikuhara, Y.; Sakuma, T., Improvement of high-temperature creep
resistance in fine-grained Al2O3 by Zr4+ segregation in grain boundaries. Philosophical
Magazine Letters 1997, 76 (1), 9-14.
110. Djuricic, B.; Pickering, S.; Glaude, P.; McGarry, D.; Tambuyser, P., Thermal stability of
transition phases in zirconia-doped alumina. Journal of Materials Science 1997, 32 (3), 589601.
111. Yang, J.; Wang, Q.; Wang, T.; Liang, Y., Facile one-step precursor-to-aerogel synthesis of
silica-doped alumina aerogels with high specific surface area at elevated temperatures.
Journal of Porous Materials 2017, 24 (4), 889-897.
112. Osaki, T.; Nagashima, K.; Watari, K.; Tajiri, K., Silica-doped alumina cryogels with high
thermal stability. Journal of Non-Crystalline Solids 2007, 353 (24), 2436-2442.

26

113. Xiao-hong, X.; Ying, Z.; Jian-feng, W.; Zhan-liang, B., Synthesis and microstructure of
doped alumina composite membrane by Sol-gel process. Journal of Wuhan University of
Technology-Mater. Sci. Ed. 2003, 18 (3), 15-19.
114. Nozemack, R. J.; Porinchak, J. F., Alumina-silica cogel. Google Patents: 1988.
115. Wan, C. Z.; Dettling, J. C., Stabilized Alumina Catalyst Support Coatings (Engelhard Corp.,
USA). Application: EP 1986.
116. Liu, F.; Okolie, C.; Ravenelle, R. M.; Crittenden, J. C.; Sievers, C.; Bruijnincx, P. C. A.;
Weckhuysen, B. M., Silica deposition as an approach for improving the hydrothermal
stability of an alumina support during glycerol aqueous phase reforming. Applied Catalysis
A: General 2018, 551, 13-22.
117. Curley, J. W.; Dreelan, M. J.; Finlayson, O. E., High temperature stability of alumina fibre.
Catalysis Today 1991, 10 (3), 401-404.
118. Shutilov, A. A.; Zenkovets, G. A.; Tsybulya, S. V.; Gavrilov, V. Y., Effect of silica on the
stability of the nanostructure and texture of fine-particle alumina. Kinetics and Catalysis
2012, 53 (1), 125-136.
119. Espie, A. W.; Vickerman, J. C., Aluminas modified with silica. Part 1.-An X-ray diffraction
and secondary-ion mass-spectrometry study of the influence of preparation and thermal
treatment on structure and surface composition. Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases 1984, 80 (7), 1903-1913.
120. Zhao, X.; Cong, Y.; Huang, Y.; Liu, S.; Wang, X.; Zhang, T., Rhodium Supported on SilicaStabilized Alumina for Catalytic Decomposition of N2O. Catalysis Letters 2011, 141 (1),
128-135.
121. Timken, H. K. C., Homogeneous Modified-Alumina Fischer–Tropsch Catalyst Supports
(Chevron USA Inc., USA). Application: US 2005.
122. Ji, X.; Zhou, Q.; Qiu, G.; Yue, C.; Guo, M.; Chen, F.; Zhang, M., Preparation of monolithic
silica-based aerogels with high thermal stability by ambient pressure drying. Ceramics
International 2018, 44 (11), 11923-11931.
123. Miller, J. B.; Ko, E. I., A homogeneously dispersed silica dopant for control of the textural
and structural evolution of an alumina aerogel. Catalysis Today 1998, 43 (1), 51-67.
27

124. Horiuchi, T.; Osaki, T.; Sugiyama, T.; Suzuki, K.; Mori, T., Maintenance of large surface
area of alumina heated at elevated temperatures above 1300 °C by preparing silicacontaining pseudoboehmite aerogel. Journal of Non-Crystalline Solids 2001, 291 (3), 187198.
125. Lee, J.-H.; Choi, S.-C.; Bae, D.-S.; Han, K.-S., Synthesis and microstructure of silica-doped
alumina composite membrane by sol-gel process. Journal of materials science letters 1999,
18 (17), 1367-1369.
126. Oréfice, R. L.; Vasconcelos, W. L., Sol-gel transition and structural evolution on
multicomponent gels derived from the alumina-silica system. Journal of Sol-Gel Science and
Technology 1997, 9 (3), 239-249.
127. Jean-Marie, A.; Griboval-Constant, A.; Khodakov, A. Y.; Diehl, F., Cobalt supported on
alumina and silica-doped alumina: Catalyst structure and catalytic performance in Fischer–
Tropsch synthesis. Comptes Rendus Chimie 2009, 12 (6), 660-667.
128. Courthéoux, L.; Popa, F.; Gautron, E.; Rossignol, S.; Kappenstein, C., Platinum supported
on doped alumina catalysts for propulsion applications. Xerogels versus aerogels. Journal of
non-crystalline solids 2004, 350, 113-119.
129. Wu, X.; Shao, G.; Shen, X.; Cui, S.; Wang, L., Novel Al2O3–SiO2 composite aerogels with
high specific surface area at elevated temperatures with different alumina/silica molar ratios
prepared by a non-alkoxide sol–gel method. RSC Advances 2016, 6 (7), 5611-5620.
130. Adnan, M. A.; Muraza, O.; Razzak, S. A.; Hossain, M. M.; de Lasa, H. I., Iron Oxide over
Silica-Doped Alumina Catalyst for Catalytic Steam Reforming of Toluene as a Surrogate Tar
Biomass Species. Energy & Fuels 2017, 31 (7), 7471-7481.
131. Daniell, W.; Schubert, U.; Glöckler, R.; Meyer, A.; Noweck, K.; Knözinger, H., Enhanced
surface acidity in mixed alumina–silicas: a low-temperature FTIR study. Applied Catalysis
A: General 2000, 196 (2), 247-260.
132. Keyvanloo, K.; Mardkhe, M. K.; Alam, T. M.; Bartholomew, C. H.; Woodfield, B. F.; Hecker,
W. C., Supported Iron Fischer–Tropsch Catalyst: Superior Activity and Stability Using a
Thermally Stable Silica-Doped Alumina Support. ACS Catal. 2014, 4 (4), 1071-1077.
133. Patel, K.; Blair, V.; Douglas, J.; Dai, Q.; Liu, Y.; Ren, S.; Brennan, R., Structural Effects of
Lanthanide Dopants on Alumina. Scientific Reports 2017, 7, 39946.

28

134. Christopher, J. H.; Brendan, J. K.; Bryan, C. C., Neutron powder diffraction study of
rhombohedral rare-earth aluminates and the rhombohedral to cubic phase transition. Journal
of Physics: Condensed Matter 2000, 12 (4), 349.
135. Beguin, B.; Garbowski, E.; Primet, M., Stabilization of alumina by addition of lanthanum.
Applied catalysis 1991, 75 (1), 119-132.
136. Nishio, Y.; Ozawa, M., Formation of featured nano-structure in thermal stable La-doped
alumina composite catalyst. Journal of Alloys and Compounds 2009, 488 (2), 546-549.
137. Chang, C. H.; Gopalan, R.; Lin, Y. S., A comparative study on thermal and hydrothermal
stability of alumina, titania and zirconia membranes. Journal of Membrane Science 1994, 91
(1), 27-45.
138. Gallaher, G. R.; Liu, P. K. T., Characterization of ceramic membranes I. Thermal and
hydrothermal stabilities of commercial 40 Å membranes. Journal of Membrane Science
1994, 92 (1), 29-44.
139. Shang, X.; Wang, X.; Nie, W.; Guo, X.; Zou, X.; Ding, W.; Lu, X., Facile strategy for
synthesis of mesoporous crystalline [gamma]-alumina by partially hydrolyzing aluminum
nitrate solution. Journal of Materials Chemistry 2012, 22 (45), 23806-23814.
140. Murrell, L. L.; Dispenziere, N. C.; Kim, K. S., Dispersion of bulk silica onto alumina to form
a dispersed, surface phase oxide structure. Catalysis letters 1989, 2 (5), 263-271.
141. Johnson, M. F. L., Surface area stability of aluminas. Journal of Catalysis 1990, 123 (1),
245-259.
142. Beguin, B.; Garbowski, E.; Primet, M., Stabilization of alumina toward thermal sintering by
silicon addition. Journal of Catalysis 1991, 127 (2), 595-604.

29

2

CHARACTERIZATION TECHNIQUES

2.1

Introduction
The characterization methods applied in this thesis are a combination of X-ray powder

diffraction and pair distribution function (PDF) analysis, transmission electron microscopy (TEM),
Raman spectroscopy, thermogravimetry/differential thermal analysis (TG/DTA), and gas
adsorption. These methods reveal the properties of nanoparticles, including phase identification,
the local structure at the atomic level, crystallite morphology, hydroxyl bond vibration, water loss
and thermal behavior, and surface area and pore structure of agglomerates. The relationship
between a material’s structure and properties comprises a significant portion of this dissertationion.
In this chapter, the techniques used for studying the physical and structural properties of the
materials will be briefly reviewed.

2.2

2.2.1

X-ray Diffraction

X-ray Diffraction Application
Powder X-ray diffraction (P-XRD) is a quick, non-destructive technique mainly employed

for the phase identification of crystalline material with periodic arrays of atoms. It can also provide
information on phase quantification, particle size/shape, powder texture, and crystallite strain. Xrays are electromagnetic radiation with wavelengths (λ) between 0.1 -100 Å. When X-rays are
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scattered coherently by atoms in the material being measured, each atom becomes the source of a
spherical X-ray wave with the same λ as the point source of the instrument. If more than one atom
is present and scattering, the new waves overlap and interfere. The interference is constructive at
some angles, destructive at others. Angles depend on the λ of the X-ray source and a distance 𝑑𝑑

between scattering for the planes within the crystal. Generally, the distance 𝑑𝑑 between atoms and
atomic planes in a crystal is about1-100 Å. When many point sources in an organized array are
scattering, a pattern of constructive/destructive interference arises, a so-called diffraction pattern.
The angles of diffraction differ for the various planes within the crystal. Therefore, the position
and relative intensity of a series of peaks are used to quickly match experimental data to reference
patterns in a database to identify the phase of an unknown sample. P-XRD is not only effective for
the phase identification of a pure phase crystal, but also for materials with mixed phases. With
high quality P-XRD data, the fraction of each phase can be determined by the ratios between given
peak intensities, as the diffraction pattern for every phase is unique. Different phases with the same
chemical composition (Al2O3) can have drastically different diffraction patterns.
Moreover, single crystal X-ray diffraction (SC-XRD) is a versatile tool to probe full
molecular and full crystal structures. Structural refinement of SC-XRD data can reveal essential
information, such as atom position, unit cell parameter, 3D packing of molecules, thermal
ellipsoids, absolute configuration, and even hydrogen bonding.

2.2.2

Bragg’s Law
Bragg’s law. The periodic arrays of atoms in a crystal are viewed as sets of parallel atomic

planes separated by a distance 𝑑𝑑. These planes reflect X-rays with an angle of reflection equal to

the angle of incidence 𝜃𝜃 (Snell’s law). X-ray diffraction is elastic scattering, in which the energy
of the X-rays does not change when reflected. Upon reflection from the different planes, the
16

various waves will be at different points in their phases. Reflected rays will be in phase if the extra
distance traveled is an integer multiple of λ (𝑛𝑛λ). Constructive interference occurs when the ratio
between the phase difference and wavelength is an integer value of n (Figure 2.1).
𝑛𝑛λ = 2d ∙ sinθ

Eq.2.1

d: lattice spacing, the shortest distance between two neighboring crystal planes.
𝑛𝑛: integer 1, 2, 3, . . .

λ: for elastic scattering, the incident and reflected beam have the same wavelength.
θ: the angle between the incident/reflected beam and the crystal plane.

Figure 2.1 X-rays scattered by atoms in an ordered lattice interfere constructively in directions given by Bragg’s
law, adapted from Ref.1

2.2.3

Reciprocal Lattice and Ewald Sphere
Bragg’s law illustrates constructive interference conditions and provides a valuable visual

for understanding diffraction. Ewald2 developed the most useful method for describing diffraction
from crystals in all three dimensions. A reciprocal lattice is used to track all the crystal planes,
their d-spacing, and to explain their diffraction phenomena. For 3D lattices, families of planes are
identified using three integers, h, k, l (called Miller indices). Ewald suggested that a vector can
represent each set of planes (hkl), 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 , defined to be the perpendicular distance from the origin of
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the unit cell to the nearest plane in the hkl family. Since each hkl family has a plane through the
origin, 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 equals the spacing between planes in the given hkl family.

A two-dimensional slice (the ab-plane) of the sphere of 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 vectors in Figure 2.2a shows

that the vectors approach the origin as 1�𝑑𝑑. A full 3D plot of all the 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 vectors would be a dense,
spherical sheaf of vectors projecting out of the origin in all directions. Ewald noted that the vectors

approached the origin as the reciprocal of the 𝑑𝑑ℎ𝑘𝑘𝑘𝑘 value and proposed that the reciprocal vector,
𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 (Eq.2.2), be plotted (Figure 2.2b) instead:

𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 ≡

1
𝒅𝒅ℎ𝑘𝑘𝑘𝑘

Eq.2.2

If all the 𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 vectors are represented by points, the points repeat at perfectly periodic

intervals, forming the reciprocal lattice.
(a)

(b)

Figure 2.2 (a) Representation of unit cell planes as 𝒅𝒅𝒉𝒉𝒉𝒉𝒉𝒉 vectors, (b) The reciprocal lattice, adapted from Ref.2

Like the real lattice, the reciprocal lattice has repeating translation vectors (a*, b*, and c*),
∗
which define the location of any 𝒅𝒅ℎ𝑘𝑘𝑘𝑘
using its Miller indices as follows(Eq. 2.3):

𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 = ℎ𝒂𝒂∗ + 𝑘𝑘𝒃𝒃∗ + 𝑙𝑙𝒄𝒄∗

Eq.2.3

The translation vectors a*, b*, and c* of the reciprocal lattice also form a unit cell whose
shape is directly related to the shape and size of the real unit cell.
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Using the idea of the reciprocal lattice, Ewald constructed a means of visualizing the
diffraction process in three dimensions. The Ewald sphere is an imaginary sphere with radius 1/λ
that is centered on the real crystal. The X-ray beam (with wavelength λ) enters the sphere on the
left, passes through the crystal, and exits on the right. The origin of the reciprocal lattice is placed
on the sphere’s edge at the point of the beam’s exit. A rotation of the real crystal will rotate its
reciprocal lattice because the two are directly related (Figure 2.3a-b). When the crystal is rotated
so that one of the 𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 vectors touches the imaginary Ewald sphere, the Bragg conditions are
satisfied for those hkl planes in the crystal, and constructive interference occurs. The diffracted

beam will pass through the sphere at the point of the reciprocal lattice. A detector placed in the
path of that beam in real space will record a spot of X-ray intensity (Figure 2.3c).

(a)

(b)

(c)

Figure 2.3 Examples for (a) Ewald sphere, (b) the Ewald construction for the X-ray diffraction scan, adapted from
Ref,3 (c) schematic of signal collected on the detector arising from intersection of the Ewald sphere with the
reciprocal lattice (blue dots) (from Kevin Yager (talk) - Commons: File:3D_ewald_example.png,
http://gisaxs.com/index.php/File:3D_ewald_example.png.)

2.2.4

Diffraction Pattern
For powder x-ray diffraction, each crystallite has its reciprocal lattice. The crystallite’s

orientation determines the orientation of the reciprocal lattice. Many crystallites are at the center
of the Ewald sphere, resulting in points that blur together. Therefore, reciprocal space is
represented by concentric spheres of reflection. For polycrystalline samples, each reciprocal lattice
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‘point’ is a sphere. When the Ewald sphere cuts through each sphere of reflection, the intersection
forms a circle, which further expands away from crystal to form a “Cone” (Figure 2.4). This is a
so-called Debye ring (“Cone” of diffraction).
Diffracted
X-rays

Incident
X-rays

Powder
Sample

Figure 2.4 Example of one cone of diffraction from the 020 plane.

The characteristic linear diffraction pattern is formed as the detector scans along an arc that
intersects each Debye cone at a single point (Figure 2.5a). As shown in Figure 2.5b and c, each
point in the reciprocal lattice generates a Debye cone at the Bragg angle; the cones compose circles,
and each circle in the diffraction pattern relates to a lattice plane. Therefore, a 2D diffraction
pattern (Figure 2.5d) is measured as a function of the angle 2θ. Diffraction peak positions are a
product of interplanar spacing as calculated by Bragg’s Law. The Bragg angle (θ) of diffraction
∗
only depends on 𝒅𝒅ℎ𝑘𝑘𝑘𝑘
, as the wavelength is usually fixed from the instrument x-ray source. The

magnitude of the 𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 vector is the distance between parallel planes (ℎ𝑘𝑘𝑘𝑘). The position of the

diffraction peaks is determined by the distance between the parallel planes of atoms. Thus, 𝒅𝒅∗ℎ𝑘𝑘𝑘𝑘 is

a geometric function of the size and shape of the unit cell. However, there will only be a small

percentage of crystallites that are properly oriented to diffract in each direction. Spinning the
sample can increase the number of crystallites that contribute to the measured pattern.
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(a)

(b)

(c)

(d)

Figure 2.5 Powder XRD (a) operating system, (b) Powder XRD ring pattern of 24 nm NiO, (c) Integrated slice of
the ring, (d) Powder 2D pattern, adapted from Ref.3

The crystallite dimensions determine the individual peak width in the direction
perpendicular to the planes that produced the diffraction peak. Ordered crystals have very narrow
and sharp diffraction patterns, representing crystallite sizes below 100 nm. However, peak
broadening occurs due to incomplete destructive interference in scattering directions for disordered
crystals. Crystallites smaller than ~120nm create broad diffraction peaks as well. Peak width from
the diffraction pattern can be used to quantify the average crystallite size of nanoparticles using
the Scherrer formula (Eq.2.4).4

Where 𝐿𝐿: crystallite size

𝑳𝑳 =

𝑲𝑲𝝀𝝀
𝜷𝜷 𝒄𝒄𝒄𝒄𝒄𝒄 𝜽𝜽

𝛽𝛽: peak width in radians line broadening at half the maximum intensity (FWHM), after
subtracting the instrumental line broadening
λ: X-ray wavelength
𝜃𝜃: Bragg angle

K: Scherrer constant (proportionality constant)
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Eq.2.4

2.3

Pair Distribution Function Analysis
PDF (Pair Distribution Function) analysis of X-ray scattering is a complementary method

for analyzing XRD peak shapes. It provides another way to think about a solid as a large number
of atoms situated at positions 𝒓𝒓𝑚𝑚 with respect to some origin. Mathematically, this amounts to a

set of delta functions 𝛿𝛿(𝒓𝒓 − 𝒓𝒓𝑚𝑚 ). The scattering density, ρ(r), of the solid is then
𝜌𝜌(𝐫𝐫) = � 𝑓𝑓𝑚𝑚 𝛿𝛿(𝐫𝐫 − 𝐫𝐫𝑚𝑚 )

Eq.2.5

𝑚𝑚

where 𝒓𝒓𝑚𝑚 and 𝑓𝑓𝑚𝑚 are the position and scattering factors of atom m, respectively. The structure

factor F(Q) is the Fourier transform of the real-space scattering density (from real space, r, to
reciprocal space, Q) and can be written in terms of the scattering density, ρ(r), as
𝐹𝐹(𝐐𝐐) = � 𝑓𝑓𝑚𝑚 𝑒𝑒 𝑖𝑖𝐐𝐐∙𝐫𝐫 = � 𝑒𝑒 𝑖𝑖𝐐𝐐∙𝐫𝐫 𝜌𝜌(𝐫𝐫) 𝑑𝑑𝐫𝐫

Eq.2.6

𝑚𝑚

Moreover, the observed intensity, |𝐹𝐹(𝑸𝑸)|2 , can also be written in terms of ρ(r) as
𝑆𝑆(𝐐𝐐) =

1
1
|𝐹𝐹(𝐐𝐐)|2 = � 𝜌𝜌(𝐫𝐫)𝜌𝜌(𝐫𝐫 ′ ) 𝑒𝑒 𝑖𝑖𝐐𝐐∙(𝐫𝐫−𝐫𝐫′) 𝑑𝑑𝐫𝐫𝑑𝑑𝐫𝐫′
𝑁𝑁
𝑁𝑁

Eq.2.7

where the observed intensity S(Q) is often called the structure function.5 To better understand its
relationship to real space, we can Fourier transform S(Q) into a real space function P(R):
𝑃𝑃(𝐑𝐑) =

′

1
� 𝑆𝑆(𝐐𝐐)𝑒𝑒 𝑖𝑖𝐐𝐐∙𝐑𝐑 𝑑𝑑𝐐𝐐
(2𝜋𝜋)3

=

1
′
� 𝜌𝜌(𝐫𝐫)𝜌𝜌(𝐫𝐫 ′ )𝑒𝑒 𝑖𝑖𝐐𝐐∙(𝐫𝐫−𝐫𝐫 +𝐑𝐑� 𝑑𝑑𝐫𝐫𝑑𝑑𝐫𝐫′𝑑𝑑𝐐𝐐
3
8𝜋𝜋 𝑁𝑁

=

1
� 𝜌𝜌(𝐫𝐫)𝜌𝜌(𝐫𝐫 ′ )𝛿𝛿(𝐫𝐫 − 𝐫𝐫 ′ + 𝐑𝐑)𝑑𝑑𝐫𝐫𝑑𝑑𝐫𝐫′
𝑁𝑁

Because ∫ 𝑒𝑒 𝑖𝑖𝑸𝑸∙(𝒓𝒓−𝒓𝒓 +𝑹𝑹) 𝑑𝑑𝑸𝑸 is equivalent to the delta function 𝛿𝛿(𝒓𝒓 − 𝒓𝒓′ + 𝑹𝑹), it equals

=

1
� 𝜌𝜌(𝐫𝐫)𝜌𝜌(𝐫𝐫 + 𝐑𝐑)𝑑𝑑𝐫𝐫
𝑁𝑁
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Eq.2.8
Eq.2.9

Eq.2.10
Eq.2.11

Eq.2.12

= 𝜌𝜌0 𝑔𝑔(𝐑𝐑)

Where N is the number of atoms, ρ0 is the average density of atoms in the system and 𝑔𝑔(𝑹𝑹) is the
atomic pair distribution function, whose statistical mechanics definition is
𝑁𝑁𝑎𝑎 𝑁𝑁𝑏𝑏

1
𝑔𝑔(𝐑𝐑) =
� � 𝛿𝛿�𝑟𝑟 − 𝑅𝑅𝛾𝛾𝛾𝛾 �
𝑁𝑁𝑎𝑎 𝑁𝑁𝑏𝑏

Eq.2.13

𝛾𝛾=1 𝜇𝜇=1

A function that describes the distribution (or frequency of occurrence) of interatomic distances,
𝑅𝑅𝛾𝛾𝛾𝛾 = �𝒓𝒓𝛾𝛾 − 𝒓𝒓𝜇𝜇 �, between all pairs of atoms ν and μ in a material consisting of N atoms. The

atomic pair distribution function 𝑔𝑔(𝑹𝑹) can be treated as a probability function, which gives the
feasibility that a randomly chosen pair of atoms in the sample will be separated by a distance R.

Thus, as Eq.2.7-2.13 show, in a diffraction experiment the Fourier transform of the observed
intensity 𝑆𝑆(𝐐𝐐) is directly related to the atomic pair distribution function 𝑔𝑔(𝑹𝑹), which is not based
on a crystal structure. This relationship gives an alternative way to analyze XRD data; the observed

2D powder XRD pattern (S(Q)) can be Fourier transformed into the real space pair distribution
function (PDF) which can then be compared to the PDF of a refinable structural model. This is
somewhat like the Rietveld refinement but in real space (a real space Rietveld analysis). Because
both 𝑆𝑆( 𝒐𝒐𝒐𝒐𝒐𝒐) and 𝑔𝑔(𝑹𝑹) are isotropic for powders, angular variables can be integrated out of the
expression for 𝜌𝜌0 𝑔𝑔(𝑹𝑹):

𝜌𝜌0 𝑔𝑔(𝑅𝑅) =

1
� 𝑆𝑆(𝑄𝑄)𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 cos 𝜃𝜃 𝑑𝑑 cos 𝜃𝜃 𝑑𝑑𝑑𝑑𝑄𝑄 2 𝑑𝑑𝑑𝑑
8𝜋𝜋 3

∞ 𝜋𝜋
1
= 2 � � 𝑆𝑆(𝑄𝑄)𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖 cos 𝜃𝜃 𝑑𝑑 cos 𝜃𝜃 𝑄𝑄 2 𝑑𝑑𝑑𝑑
4𝜋𝜋 0 0
∞
1
sin(𝑄𝑄𝑄𝑄) 2
= 2 � 𝑆𝑆(𝑄𝑄)
𝑄𝑄 𝑑𝑑𝑑𝑑
2𝜋𝜋 0
𝑄𝑄𝑄𝑄

In an experiment, the integral must be terminated at a finite value of Q:
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Eq.2.14
Eq.2.15
Eq.2.16

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
1
= 2 �
𝑆𝑆(𝑄𝑄) sin(𝑄𝑄𝑄𝑄) 𝑄𝑄 𝑑𝑑𝑑𝑑
2𝜋𝜋 𝑅𝑅 0

Eq.2.17

𝑆𝑆(𝑄𝑄) approaches 1 at large Q values, so this integral oscillates wildly as a function of 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 . To

avoid this issue, 1 is subtracted from 𝑆𝑆(𝑄𝑄), giving the standard expression (with R replaced by r)

for the reduced atomic pair distribution function 𝐺𝐺(𝑟𝑟), which is also called the experimental PDF:
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
2
𝐺𝐺(𝑟𝑟) = 4𝜋𝜋𝜋𝜋𝜌𝜌0 [𝑔𝑔(𝑟𝑟) − 1] = � � �
[𝑆𝑆(𝑄𝑄) − 1] sin(𝑄𝑄𝑄𝑄) 𝑄𝑄 𝑑𝑑𝑑𝑑
𝜋𝜋 0

Eq.2.18

The functions ρ(r), g(r), and G(r) for a 27 wt % silica-doped alumina calcined at 300°C, an
amorphous material, are shown in Figure 2.6 a-c. As the figures show, the practice of subtracting
unity subtracts merely the contribution of the average continuum from g(r) so that G(r) oscillates
about 0 instead of 1; all of the information in g(r) is retained in G(r), and they can be interpreted
in precisely the same manner. As Figure 2.6d illustrates, at low 𝑟𝑟, the interatomic distances are on
the order of bond lengths, and the distances with high probability (the peaks) represent actual
bonds; at higher 𝑟𝑟, the peaks represent average interatomic distances. The total area under each

peak depends on both the prevalence of that interatomic distance in the sample and the scattering
factors of the atoms involved. The width of each peak indicates the degree of variation in the bond
length due to either thermal vibration or inherent structural disorder.
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(a)

(d)

(b)

(c)

Figure 2.6 The functions (a) ρ(r), (b) g(r), and (c) G(r) for 27 wt % silica-doped alumina calcined at 300°C. In (a)
the dashed line indicates the value of ρ0, the average density of the material, which p(r) approaches at higher r. In
(b), it indicates the constant probability value (1) that g(r) approaches at higher r for amorphous materials. Part (d)
illustrates the interpretation of the pair distribution functions.
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Because G(r) and g(r) describe interatomic distances in the range of 1-30 Å, these functions
can be used to reveal the ‘local structure,’ or the structure of the material on the order of bond
lengths. This range is ideal for nanoparticles. In fact, because the maximum 𝑟𝑟 value at which peaks

still occur in the PDF loosely corresponds to the coherence length (the length through which an
ordered structure exists), the PDF provides an indication of the crystallite size for nanoparticles
which are only a few nanometers in diameter, as Figure 2.7 illustrates.

Figure 2.7 PDF of 2-line ferrihydrite nanoparticles. The damping of the PDF beyond 20Å confirms the 2-4 nm
average diameter of the nanoparticles, adapted from ref.3

Combined with XRD patterns, the PDF can provide quantitative analysis to reveal the atomic
structure of a material. ‘PDF analysis’ consists of four conceptually simple steps:
1) a plausible structural model of the sample is concocted,
2) the PDF for this model is calculated,
3) the calculated and experimental PDFs are compared,
4) the model is adjusted so that its PDF better reproduces the experimental PDF.
These steps are repeated until the PDF of the model matches that of the experimental data
within a reasonable margin of error. There are two main approaches for executing these steps: (1)
Monte Carlo simulation: involves big-box models of entire nanoparticles and the use of Monte
Carlo algorithms to move atoms and optimize the PDF. (2) PDFgui: involves small-box models
(like a unit cell) and the use of least squares refinement algorithms to optimize the PDF (similar to
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Rietveld refinement) via PDFfit2 (formerly PDFFIT).6-7. An initial structural model is generated,
and the parameters of the structural model (such as unit cell constants, atomic coordinates, site
occupancies, and thermal factors) are adjusted in an iterative process so that a weighted agreement
factor, Rw, calculated according to the following equation:8
N
N


R = ( w(ri )∑ [Gexp (ri ) − Gcalc (ri )]2 ) ( w(ri )∑ [Gexp (ri )]2 )
i =1
i =1



Eq.2.19

in PDF analyses, is minimized. Here, Gexp is the experimental PDF, Gcalc is the calculated PDF,
N is the number of data points, and w(ri ) is the weight associated with each datum. Rw values of
10% are excellent for PDF refinements;9 good refinements can have Rw values as high as 20-30%.5
PDF analyses can refine structural models without the use of long-range symmetry
constraints, making the technique applicable to amorphous as well as crystalline materials. PDF
provides quantitative atomic structure information for the entire nanoparticle (or a large fraction
of it) and not just a few coordination shells of a specific element, as is the case for the XAFS and
NMR methods. PDF analysis is also highly useful for studying local structure in amorphous
materials because it does not need to assume a crystal structure. PDF analysis of bulk materials
can reveal distortions in the local structure that are undetectable in the average, long-range
structure probed by Rietveld analysis. Therefore, PDF analysis has been applied to probe the
alumina/doped alumina local structure and phase progression as a function of temperature.

2.4

Transmission Electron Microscopy
Transmission electron microscopy (TEM) generates high energy electrons, detects the

electrons signals transmitted through the sample, and provides morphologic, crystallographic, and
compositional information in the submicron structure. The classic Rayleigh criterion of a good
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resolution visible-light optical microscope (VLM) is about 300 nm, which corresponds to about
1000 atom diameters.10 In material science and engineering, detail atomic features of
nanomaterials are way below the VLM resolution. In a TEM, electrons have much smaller
wavelengths than that of visible light. Theoretically, the wavelength of the radiation of a 100 keV
electron is about 0.004 nm, which is much smaller than an atom from Louis de Broglie’s famous
equation.11 The capability of TEM enables the accurate investigation of material structures in
nanoscale. Thus, TEM is utilized to reveals the crystallinity and morphology of catalyst support
nanomaterials via high-resolution and high magnification imaging.

2.4.1

Basic Features of TEM
Basic transmission electron microscope (TEM) features are sketched in Figure 2.8. The

instrument consists of an electron beam source, electromagnetic lenses, apertures, a sample stage,
a phosphor or fluorescent screen, and a detector system. The high energy electrons illuminate the
specimen and generate signals containing detailed structural information at the atomic level. The
TEM detector collects those signals, and the instrument analyzer provides specimen properties,
such as high magnification images, diffraction patterns, X-ray and electron-energy analyses, and
so on.
More specifically, a very thin specimen is inserted into the objective lens, along with the
electron beam. A high voltage (typically 100 to 500 kV) is applied to a tungsten or lanthanum
hexaboride filament to emit electrons, which are then accelerated and focused on the samples by
lenses. The condenser lenses align and focus the electrons onto the specimen to illuminate only
the area being examined. An x-ray energy dispersive spectroscopy (EDS or EDX) detector system
is located near the sample. A condenser aperture is used to reduce spherical aberration. The
objective lens primarily focuses and initially magnifies the image. An objective aperture is applied
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to improve specimen contrast. Then, intermediate lenses magnify the image generated from the
objective lens. Eventually, projector lenses further magnify the image coming from the
intermediate lens and project it onto the fluorescent screen in the viewing chamber. A CCD camera
has posited the path of the beam for image collecting.
Source
Condenser Lens
Condenser Lens
Condenser Aperture
Sample
Objective Lens
Objective Aperture
Selected Area Aperture
Intermediate
Intermediate
Projector Lens
Main Screen
Figure 2.8 Schematic of basic TEM features.

2.4.2

TEM Modes
Because the strength of the various lenses is adjustable, the beam can be focused in different

modes to produce different images, such as images of the bright field, dark field, and selected area
electron diffraction (SAED).
In the bright field imaging mode, the scattered/diffracted electrons are blocked with the
objective aperture (Figure 2.9a). Only the parallel direct beam is allowed to pass and hits the
sample. In this case, the image contrast-forming depends on the mass-thickness and diffraction
contrast: denser regions, heavy atom enriched, and crystalline regions in samples will appear with
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dark contrast. The transmitted electrons form a two-dimensional sample projection, which is
subsequently magnified to generate a bright field image.
In dark field imaging mode, the direct beam is blocked by the objective aperture while the
scattered and diffracted electrons pass through the objective aperture as shown in Fig. 2.9b. The
regions of strongly scattered/diffracted electrons appear bright. This mode increases the imaging
contrast of the unstained objects and is widely utilized for biological samples and polymers. On
the other side, in dark field mode, the illumination intensity may be too high, causing damage to
the sample.
Selected area electron diffraction (SAD) mode can be located by inserting a selected area
aperture into the beam path in the back focal plane, selecting the desired Bragg diffraction area
(Figure 2.9c). When high energy electrons illumine the sample, sample atoms act as a diffraction
grating. Sample crystal structure determines the scattering angles of the particular fraction. The
selected area aperture with different sized holes can be moved by the user to select diffraction
patterns of a sample's crystal structure within the region of one hundred nanometers. Meanwhile,
by tilting the sample, different diffraction conditions will be collected to contribute to different
diffraction spots on the screen. Therefore, SAD is applied to offer sample crystallinity
characterization, crystalline defect examination, and crystal structure identification.
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Figure 2.9 Ray diagrams for the (a) bright field, (b) dark field, and (c) selected area electron diffraction (SAED)
modes of TEM imaging, adapted from Kohl.12

Electron energy loss spectroscopy (EELS): In TEM, a beam of high energy electrons (60300 kV) is applied to pass through the specimen. Some of the electrons may interact with the
atomic electrons of the specimen and experience inelastic scattering, resulting in loss of energy.
The electron beam loses energy and bends through a small angle of about 5-100 milliradians; it is
then detected by an electron spectrometer. The change in energy is related to the inelastic collision
of beams with a specific electron of the orbital shell. This particular energy and change in beam
angle from the inelastic scattering of electrons can be utilized to probe the local environment of
the specimen electrons. Inelastic interactions include phonon excitations, inter- and intra-band
transitions, plasmon excitations, inner shell ionization, and Čerenkov radiation. Particularly, the
elemental components of a material can be detected from the inner-shell ionization. Therefore,
electron energy loss spectroscopy allows the extraction structural information and corresponding
physical and chemical properties of the sample.13
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2.5

Raman Spectroscopy Analysis
Raman spectroscopy consists of a range of features, such as chemical and structural

information each associated with a vibrational mode, to provide chemical specificity about the
sample being characterized.14 With a Raman spectroscopy instrument, a laser light source is
applied to irradiate a sample, generating inelastically scattered light as a Raman spectrum, which
is detected by a CCD camera installed in the instrument. During the irradiation process, a sample
molecule scatters a laser photon and causes energy change. The amount of energy change is treated
as the energy (wavelength) change of the irradiating photon. The energy (wavelength) change is
characteristic of a particular bond in the molecule and is seen as a “fingerprint” pattern for this
bond. Therefore, the accurate spectral fingerprint pattern produced by Raman spectroscopy makes
it possible to identify molecular vibrations and crystal structures.
This technique is a non-contact and non-destructive analysis, and no sample preparation is
needed. Raman analysis is especially helpful for quantifying material composition, as the intensity
of spectral features is proportional to the relative amounts of the particular species. The changes
in the details of the Raman bands, such as the height, width, and position, are indicative of
crystallinity, stress state, layer thickness, and so on. Based on these advantages of Raman
spectroscopy analysis, in this work, we used this technique to differentiate a range of samples
derived from similar synthetic conditions, analyze surface hydroxyl group vibration, and identify
phase information of meta-stable materials from their unique Raman spectral fingerprints.

2.6

Thermogravimetric Analysis
Thermalgravimetric (TG) technique is used to measure the mass changes of a material with

respect to temperature in a scanning mode or with respect to time in an isothermal mode; analysis
can be done in an atmosphere of inert gas (nitrogen, helium), reducing gas (hydrogen, carbon
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monoxide), oxidation atmosphere (oxygen), other gas, or in vacuum. It is generally used to offer
fundamental information on the mass change, thermal stability, oxidative stability, phase
transition, water and volatile compound content, evaporation rates, decomposition kinetics, the
composition of the pure or multi-component material, and so on.15
For a typical thermogravimetric analysis (TGA) measurement, the sample is put in an inert
pan and heated inside a furnace under the desired temperature program. Two gas flows, a balance
purge gas, and a furnace purge gas, are flowing over the sample pan and reference pan to maintain
a constant atmosphere during the entire measurement. The mass change of the sample is
continuously measured, and thermocouples measure the temperature change between the sample
pan and the reference pan. The collected signals of a TGA measurement form a TGA curve, in
which percent mass change is plotted against temperature and time. By applying the first derivative
of the TGA curve as a function of temperature or time, a TGA curve can be transformed to a
differential thermogravimetric (DTG) curve, which shows the rate at which the mass changes.
To show the energetic nature of weight loss events, the differential thermal analyzer (DTA)
signal can illustrate thermal effects that do not correlate to mass change, such as melting,
crystallization, or phase transition. A differential thermal analyzer measures the voltage change
constantly when the sample is heated, cooled, or held isothermally as a function of temperature.
The detected signal (in microvolts) provides information on the transitions that occur in the sample
quantitatively, indicates the temperature where such transitions occur, and so characterizes a
material’s

melting

(endothermic),

adsorption

(exothermic),

desorption

(endothermic),

crystallization (exothermic), and phase transition (endo- or exothermic) processes, along with a
range of other, more complex events. Simultaneous TGA/DTA have been utilized in this work
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primarily for characterizing phase transition events and determining water content in an inert
atmosphere.

2.7

BET and Pore properties
The textural properties of aluminas are essential to their catalytic activity since the number

of active sites (and therefore reactivity) depends on the surface area and pore geometry of the
catalyst supports.16 Nitrogen adsorption data can provide an accurate and reliable characterization
of the structural properties of mesoporous materials.17-19

2.7.1

Gas Adsorption
When a porous solid surface is exposed to a gas or a liquid, the gas or liquid molecules are

physically or chemically adsorbed onto the surface of the solid, leading to an increase in the
concentration of a component at the interface. This process is defined as adsorption.20 Gas
adsorption is a vital probe for characterizing pore properties such as surface structure, surface area
(SA), pore volume (PV), and pore size distribution (PSD) of an adsorbent.
The interaction between the adsorbent and the adsorbate are essentially weak Van der Waals
interactions. The adsorbate can fully adsorb and desorb, as physical adsorption is a fully reversible
process. No activation energy is required to reach the adsorption equilibrium quickly. The
monolayer and multiple layers of adsorbate formed in physical adsorption can be used to measure
surface area, pore volume, and pore diameter.

2.7.2

Adsorption Isotherms
Adsorption is usually described through an isotherm, which is the amount of adsorbate on

the adsorbent as a function of its pressure at constant temperature (typically liquid N2, 77 K).
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Adsorption isotherms (for porous materials) provide valuable information about the adsorbent’s
surface structure, surface area, and pore size (see Table 2.1).
Table 2.1 Information available from full range isotherm
Region
Henry’s law region
Monolayer region

Pressure range
P/P0 < 0.01
0.05 < P/P0 < 0.20a

Multilayer region

0.20 < P/P0 < 1.0

Information obtained
SA can be obtained if Henry’s law constant is known
SA can be calculated using BET equation
PV can be obtained at P/ P0 = 1 Pore structure can be
inferred from the shape of the hysteresis loop, PSD can be
calculated using Kelvin equation

a. Linear region varies depending on the shape of isotherm and the type of gas

The porosity of a material strongly influences the adsorption of a particular gas. Based on
the pore size, porous materials are categorized into three types: microporous (𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 < 2 nm),
mesoporous (2 nm < 𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 < 50 nm) and macroporous (𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 > 50 nm). For a porous solid, its

adsorption isotherm is a graphical illustration of the dependent relationship between the quantity
of gas adsorbed, temperature, the equilibrium pressure, and the nature of the solid-gas system.
Based on the characteristic features from different solid-gas systems, adsorption isotherms
are classified into six types in Figure 2.10.20-21
A Type I isotherm is concave to the P/P0 axis, increasing sharply at low relative pressures
and reaching a plateau. Pores are typically microporous with relatively small external surface area,
resulting in almost no external surface for further adsorption once filled with adsorbate.
A Type II isotherm is concave to the P/P0 axis in the low relative pressure range, then is
almost linear and then convex to the P/P0 axis in the high relative pressure range. Type II isotherms
indicate multilayer physisorption on the flat surfaces of nonporous or macroporous materials.
A Type III isotherm is convex to the P/P0 axis in the high relative pressure range, associated
with weak gas-solid interactions.
A Type IV isotherm is similar to the Type II isotherm in the initial region and forms a
hysteresis loop in the higher relative pressure range.
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This type of isotherm is typical for

mesoporous materials (such as aluminas). The hysteresis loop arises from filling and emptying of
the mesopores by capillary condensation (in the range of 1.5-100 nm).21
A Type V isotherm is similar to a Type IV, indicative of weak interactions between the
adsorbate and the adsorbent.
A Type VI isotherm is the result of layer-by-layer adsorption on a highly uniform surface,
which is relatively rare.

Figure 2.10 The six types (I, II, III, IV, V, and VI) of gas adsorption isotherms, adapted from Ref.21

The conventional method for measuring the adsorption isotherm is through the point-bypoint process. The sample is pretreated by mildly heating under vacuum and flowing inert gas to
remove any physically adsorbed water or other contaminants. Successive amounts of the
adsorptive or adsorbate (such as N2 in our characterization) are purged through the sample tube
under vacuum at about 77 K. After sufficient equilibration time, the detecting system measures
pressure at each stage and generates a series of points to form the adsorption isotherm.22 During
the measurement, as illustrated in Figure 2.11, the full range of the adsorption and desorption
isotherm provide the pore characteristic structure information (Table 2.1).23
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Figure 2.11 Full range type IV isotherm with adsorption and desorption branches, adapted from Ref. 24

As shown in Table 2.1, pore shape and pore arrangement can be measured from the shape
of the hysteresis loops in type IV isotherms.23 The shape of four major types of hysteresis loops
(H1, H2, H3, and H4) are illustrated in Figure 2.12. H1 hysteresis is given by adsorbents with a
narrow pore size distribution of uniform pores. H2 hysteresis is observed for the closely packed
spherical particles with uniform size or from a complex, interconnected pore network. H3
hysteresis results from aggregates of plate-like particles or adsorbents with slit-like pores. H4
hysteresis origins from adsorbents with slit-like pores in the microporous range.

Figure 2.12 The IUPAC classification of hysteresis loops, adapted from Ref.21

2.7.3

Surface Area
Since Langmuir derived his famous isotherm equation for adsorption of a unimolecular

layer, or monolayer, of gas (or solvent) in 1916,25 numerous studies have been done to fit the
different experimental isotherm curves through various mathematical models. The most critical
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isotherm equation used for alumina was created by Brunauer, Emmett and Teller (BET).26 To
derive the BET equation, some assumptions are made: (1) gas molecules are physically adsorbed
on a solid surface in layers infinitely. (2) There is no interaction between each
adsorption/desorption layer. (3) The Langmuir theory is applied to each layer. Based on these
assumptions, the BET equation can be derived as:
𝑛𝑛
𝐶𝐶𝐶𝐶
=
𝑛𝑛𝑚𝑚 [(1 − 𝑋𝑋)(1 − 𝑋𝑋 + 𝐶𝐶𝐶𝐶)]

Eq.2.20

𝑛𝑛: mole of gas adsorbed at the equilibrium pressure P.

𝑛𝑛𝑚𝑚 : mole of gas required to provide a complete monolayer.

𝑋𝑋: relative pressure (P/P0), where P is the measured pressure and P0 is the saturation pressure.

In which, 𝐶𝐶 = 𝐶𝐶0 exp[

(∆𝐻𝐻𝑎𝑎1 −∆𝐻𝐻𝑐𝑐 )
𝑅𝑅𝑅𝑅

], where ∆𝐻𝐻𝑎𝑎1 is the heat of adsorption on the first layer, ∆𝐻𝐻𝑐𝑐 is

the heat of condensation of the gas, and 𝐶𝐶0 is a combination of pre-exponentials for condensation

to and evaporation from the first and second layers.27 To calculate the surface area Eq. 2.21 can be

written as:
𝑃𝑃
1 𝑃𝑃
=
𝑛𝑛(𝑃𝑃0 − 𝑃𝑃) (𝑛𝑛𝑚𝑚 𝐶𝐶) 𝑃𝑃0

Eq.2.21
𝑃𝑃

The BET equation as shown in Eq. 2.21 requires a linear plot of 𝑛𝑛(𝑃𝑃

0

𝑃𝑃

against 𝑃𝑃 where the
−𝑃𝑃)
0

slope and intercept can be used to obtain 𝑛𝑛𝑚𝑚 and 𝐶𝐶. As a result, the total surface area 𝑆𝑆 can be
derived as:

𝐿𝐿: Avogadro number (6.023 × 1023)

𝑆𝑆 = 𝑛𝑛𝑚𝑚 𝐿𝐿𝐿𝐿

𝜎𝜎: Adsorbate cross sectional area (0.162 nm for nitrogen)

Eq.2.22

Specific surface area (𝑆𝑆 ∗ ) is then determined based on Eq. 2.23, where W is the sample weight.
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𝑆𝑆 ∗ =
2.7.4

𝑆𝑆
𝑊𝑊

Eq.2.23

Calculation of Pore Size
Barret, Jonier, and Halenda (BJH method)28 created the pore width calculation from the pore

filling pressure by using the Kelvin equation (Eq. 2.24)
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

𝑃𝑃
2𝑣𝑣(𝑉𝑉𝐿𝐿 )
=−
𝑃𝑃0
𝑟𝑟𝑚𝑚

Eq.2.24

Where 𝑣𝑣 is the surface tension of the liquid phase, 𝑉𝑉𝐿𝐿 is the molar volume of the liquid adsorbate,

𝑅𝑅 is the gas constant, and 𝑟𝑟𝑚𝑚 is the radius of curvature for the meniscus of the capillary condensate.
The capillary condensation occurs within the pore. Thus, the pore walls are lined with an

adsorbed film of thickness 𝑡𝑡. In the multilayer adsorption, 𝑟𝑟𝑚𝑚 is treated as an inner core rather than

a pore.28-29 To convert 𝑟𝑟𝑚𝑚 to a measurement of the pore volume, the 𝑡𝑡 and the model of pore

structure should be solved. Assuming that the pores are rigid and have the same shape (cylindrical

or slit-like), for the cylinder, the pore radius 𝑟𝑟𝑝𝑝 = 𝑟𝑟𝑚𝑚 + 𝑡𝑡; while for a slit, the pore width 𝑑𝑑𝑝𝑝 = 𝑟𝑟𝑚𝑚 +
2𝑡𝑡. In the calculation of pore volume, the pore model meniscus curvature can be either

hemispherical for a cylinder or hemicylindrical for a slit. Assuming pores are filled with liquid
adsorbate, the total pore volume is derived from the amount of vapor adsorbed at the relative
temperature close to unity with the following expression:
𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑢𝑢𝑢𝑢𝑢𝑢 =

𝑃𝑃𝑎𝑎 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 𝑉𝑉𝑚𝑚
𝑅𝑅𝑅𝑅

Eq.2.25

Where 𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the volume of liquid N2 in pores, 𝑃𝑃𝑎𝑎 is ambient pressure, 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 is the volume of
gas desorbed, and 𝑉𝑉𝑚𝑚 is the molar volume of liquid adsorbate, N2= 34.7 (cm3mol-1).

The average pore size is derived from the pore volume. Assuming cylindrical pore geometry,

the average pore radius 𝑟𝑟𝑝𝑝 can be expressed as Eq. 2.26, where S is the surface area.
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𝑟𝑟𝑝𝑝 =

2𝑉𝑉𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙
𝑆𝑆

Eq.2.26

For mesoporous materials with cylindrical and slit pore geometries (i.e., a solvent-deficient
method derived alumina), the calculation of pore volumes and pore size distributions are calculated
using an improved SPG (slit pore geometry) model proposed by Huang et al. 30 and modified to
fit a log-normal PSD.31
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3

NEW INSIGHTS INTO THE COMPLETE PHASE EVOLUTION AND LOCAL
STRUCTURE OF UNIQUE BOEHMITE-DERIVED MESOPOROUS ALUMINAS

3.1

Introduction
In this chapter, we have utilized PDF analysis as an appealing approach to tackle the complete

spectrum of phase progression of a wide range of plate-like aluminas as a function of calcination
temperature. An unprecedented phase progression of our alkoxide derived aluminas have been elucidated
with unique properties. Moreover, a PDF study of the alumina local structure allows us to separate general
trends from variations in synthetic method or conditions at the atomic level. Therefore, we set up and
systemically synthesized four series of pure aluminas with 80 samples in total using different aluminum
alkoxide starting materials and different water to aluminum molar ratios following our solvent deficient
method. We have carried out an extensive structural characterization of aluminum hydroxides as they
dehydrate to meta-stable transitional aluminas and ultimately to the stable alpha phase using X-ray
diffraction and Raman to determine the phase progression route. This route suggests a different crystal
grain growth mechanism from the alumina nanospheres synthesized via our previous inorganic route. It is
expected that this work will contribute knowledge for future studies on alumina phase transformations,
surface and adsorption studies, and chemical reaction paths in catalytic applications. Especially, the
qualitative and quantitative study of X-ray PDF structural analysis could be established as a useful
structural analysis approach for future crystallographic research. We believe that overall the current
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findings in this research will provide new insights to rationalize the transformation processes in disordered
mesoporous materials.

3.2

3.2.1

Experimental Section

Sample Preparation
Four series of pure aluminas were systemically prepared in 100 g batches via a patented method 1-2

that involves mixing aluminum alkoxides, such as aluminum isopropoxide (AIP (C9H21O3Al), granular,
98+ %, Alfa-Aeser) and aluminium-tri-sec-butoxide (ASB, 97% Sigma Aldrich), and water with different
water to aluminum molar ratios of 5:1 or 3:1 while mixing. These starting materials were mixed for 30
min with a Bosch Universal Mixer at 300 RPM to form a slurry-like precursor. For a subset of these pure
aluminas prepared from AIP using a 5:1 mole ratio of water to Al, a gelation step was added before the
calcination of the precursor for comparison. The precursor was then dried for 2 h in air at 200°C using a
Lindberg/Blue M furnace (Thermo Fisher Scientific Inc.). The dried precursor was split into 20 portions
of roughly 8.0 g each. Using the Lindberg oven, one sample was calcined at each 50°C increment between
50 and 1300°C by heating it in the air at a rate of 3 °C/min to its set temperature and then holding this
temperature for 2 h before being allowed to cool to room temperature. During the calcination the precursor
(Al(OH)3) decomposes, forming water and crystalline transitional Al2O3 at high temperatures, while all
other byproducts are released as gases.
Table 3.1 shows the name codes for all 80 samples we discuss throughout this work. AIP and ASB
stand for the starting solid reagents aluminum isopropoxide and aluminum-sec-butoxide, respectively. The
numeral 3 and 5 stand for different water to Al ratios. G24h refers to precursors gelled for 24 hours before
calcination, while NG stands for no gelation. Throughout the text of the discussion, each sample will be
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referred to by its calcination temperature; for example, the “300°C alumina” refers to the sample in which
the alumina precursor was calcined at 300°C for 2 h in air.
Table 3.1 Name codes list for all samples in this chapter

3.2.2

Name

Name code

Starting material

Ratio of water to Al

Gelation

Sample A

AIP-5-G24h

Aluminum isopropoxide

5:1

Yes

Sample B

AIP-5-NG

Aluminum isopropoxide

5:1

No

Sample C

ASB-5-NG

Aluminium-tri-sec-butoxide

5:1

No

Sample D

AIP-3-NG

Aluminum isopropoxide

3:1

No

Characterization Methods
Traditional powder X-ray diffraction (XRD) data were collected using a PANalytical XʹPert Pro

diffractometer with a Cu source and a Ge-111 monochromator that provides Cu-Kα1 (λ = 1.5406 Å)
radiation. The atomic PDF is obtained from the powder diffraction data via a sine Fourier transform of the
normalized scattering intensity 𝑆𝑆(𝑄𝑄):

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
2
𝐺𝐺(𝑟𝑟) = 4𝜋𝜋𝜋𝜋𝜌𝜌0 [𝑔𝑔(𝑟𝑟) − 1] = � � �
[𝑆𝑆(𝑄𝑄) − 1] sin(𝑄𝑄𝑄𝑄) 𝑄𝑄 𝑑𝑑𝑑𝑑
𝜋𝜋 0

Eq.2.27

where 𝜌𝜌(𝑟𝑟)is the atomic pair density, 𝜌𝜌0 is the average atomic number density, r is the radial distance,

and 𝑄𝑄is the magnitude of the scattering vector. 3-4 For elastic scattering 𝑄𝑄 = 4𝜋𝜋 sin(𝜃𝜃) /𝜆𝜆 with 2𝜃𝜃 being

the scattering angle and λ the wavelength of the radiation used. X-ray PDF data were collected at the 11
ID-B beamline of the Advanced Photon Source (APS)5 at Argonne National Laboratory using synchrotron
radiation of energy 58.66 keV (λ = 0.2128 Å). For each sample, 10 mg of powder was loaded into a 1.0
mm inner-diameter polyimide (Kapton) capillary, and 2-D images of the diffraction data were collected
out to a maximum value of Q = 29.5 Å-1 under ambient conditions using a Perkin-Elmer area detector.
The Fit2D software package6 was used to integrate the 2D ring patterns into 1D powder diffraction
patterns. The PDFgetX2 software package7 was used to extract G(r), the experimental PDF, using a
maximum value of Q = 26.5 Å-1 in the Fourier transform.8 PDF refinements were performed using the
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PDFgui program,9 which represented least square minimizations in the direct space of the experimental
PDF with a periodic structural model. At each temperature, we performed a single-phase refinement as
well as mixture phases refinement of all samples in three different regions, including low-r (r ≤7.8Å),
high-r (7.8 ≤ r ≤30Å), and full-r (1.2~30 Å) regions. All the models were refined under P1 symmetry, in
which all the atom coordinates were relaxed. The goodness of fit is determined using a weighted agreement
factor, Rw, calculated according to the following equestion:9
N
N


R = ( w(ri )∑[Gexp (ri ) − Gcalc (ri )]2 ) ( w(ri )∑[Gexp (ri )]2 )
i =1
i =1



Eq.2.28

Here, Gexp is the experimental PDF, Gcalc is the calculated PDF, N is the number of data points, and w(ri )
is the weight associated with each datum.
The Brunauer-Emmett-Teller (BET) specific surface area and Barrett-Joyner-Halenda (BJH) pore
size of each Al2O3 sample were determined from nitrogen adsorption at 77 K using a Micromeritics TriStar
II instrument. For these measurements, about 200 to 300 mg of the dried powder was placed in sample
holders and dried at 200°C for approximately 24 h to remove physical adsorbed moisture. The samples
were allowed to equilibrate to room temperature before being cooled to 77 K for data collection.
Thermogravimetric and differential thermal analyses (TG/DTA) were performed using a NETZSCH
STA 409PC instrument (NETZSCH, Germany). To characterize the water loss and thermal behavior of
the Al2O3 during calcination between 50 and 1300°C, TG/DTA-MS measurements were recorded for
about 30 mg of the 50°C aluminum hydroxides loaded into a platinum crucible and heated at a rate of
3°/min from 25 to 1300°C under a 20 mL/min He gas flow atmosphere.
Confocal Raman spectroscopy measurements of alumina samples were performed under ambient
conditions using a Raman spectrometer (inVia Qontor, Renishaw plc, UK) equipped with Leica
microscope and a CCD detector using excitation wavelength of 532 nm, 20× objective, and 1200 l/mm
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grating. A laser power of 200 mW was used, as it is low enough to prevent damage to the samples but is
sufficient to produce good-quality spectra in a reasonable time, permitting the rapid identification of these
samples. Raman analyses were made on ʹas receivedʹ samples with no preparation, and samples were put
on a glass substrate for the analysis. Single-beam spectra were corrected for instrument function, and
detector response and backscattering geometry was applied for detection. Manipulation of spectra,
including baseline adjustment, smoothing, and normalization, was performed with the use of the
Renishawʹs WiRE (Windows-based Raman Environment) software. Band component analysis, which
enables the type of fitting function to be selected and allows specific parameters to be fixed or varied
accordingly was undertaken with the same software package. Band fitting was carried out using a LorentzGauss cross-product function with the minimum number of component bands used for the fitting process.
All density functional theory (DFT) calculations were carried out using a periodic boundary
conditions (PBC)

framework as implemented in the CP2K package (www.cp2k.org.).10-12 The

generalized gradient approximation (GGA) functional PBE functional13 and the pseudopotentials of
Geodecker, Teter and Hutter14-16 were used in the calculations, with cutoff energy of 900 Ry. The relative
energies of different transitional alumina phases, including cubic γ-Al2O3, tetragonal γ-Al2O3, γʹ-Al2O3,
δ-Al2O3, θ-Al2O3 and α-Al2O3, were calculated to provide a reliable basis for a comparison of
thermodynamic stability. Here the transition energy is ΔE = E - E(α-Al2O3) [kJ/mol per Al2O3 unit].

3.3

3.3.1

Results and Discussion

Nitrogen Adsorption
The textural properties of aluminas are essential to their catalytic activity, since the number of active

sites, and therefore reactivity, depend on surface area and pore geometry of the catalyst supports.17
Nitrogen adsorption data can provide an accurate and reliable characterization of the structural properties
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of mesoporous aluminas.18-20 Figure 3.1 presents BET surface area (SA), pore volume (PV) and average
pore diameter (APD) of the four series of pure aluminas calcined to temperatures between 50 and 1300°C,
while their adsorption-desorption isotherms of the calcined samples (700°C) are shown in Figure 3.2. It is
observed that all the isotherms are type IV, indicating mesoporous structure. The hysteresis loops for the
aluminas (A, B, C, and D samples) prepared with both aluminum isopropoxide and aluminum secbutoxide precursors correspond to the H3 type,21 which is characteristic for slit-shaped pores formed by
plate-like particles.
All four series of alumina samples follow similar trends of SA, PV, and APD. SAs gradually
decrease with increased calcination temperatures until 1150°C, after which sharp losses in SA and PV are
observed. In AIP-5-G24 samples, for example, samples calcined between 50 and 400°C have SAs that
increase from 330.7 to 400 m2 /g. The maximum value of 437.2 m2/g is observed for the sample calcined
at 250°C. From 500 to 1300°C, a gradual decrease of the specific surface area is observed. At the highest
temperatures (1300°C), the surface areas decrease to its lowest value of 9.2 m2/g, due to pore collapse
caused by sintering. The same trend is observed for the pore volume, except that the maximum PV value
is observed at 600°C. As for APD, the value increases with temperature due to sintering and reaches the
maxima at 1200°C when the α-Al2O3 is formed.
The values of the specific surface area of sample A are also plotted in Figure 3.3 with the DTA
curve. It can be observed that the temperature of the maximum value of the specific surface area is smaller
than the temperature of the peak of the dehydration reaction:
2 Precursor AlO(OH) → transitional-Al2O3 + H2O
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Figure 3.1. The BET characterization of four series pure alumina samples. (a) BET surface area (b) BJH pore volume (c)
BJH average pore diameter as a function of calcination temperature for Al2O3 formed via the solvent-deficient method.

Figure 3.2 The adsorption-desorption isotherms of four series pure aluminas calcined at 700°C.
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Figure 3.3 DTA curve and specific surface area (SA) of sample A, showing the temperature of SAmax and transition
temperature of the aluminum hydroxide dehydration.

3.3.2

X-ray Diffraction
The differences between powder X-ray diffraction patterns (XRD) obtained at each calcination

temperature were examined to investigate at which temperatures lattice changes occur. XRD of AIP-5G24 samples are shown in Figure 3.4 as an example since similar trends are observed for the other three
series of aluminas. Their XRD patterns are shown in Figure S1 in the supporting information. Asymmetric
spikes in the difference plot signify structural changes in the material.
Figure 3.4a represents samples calcined between 50 and 300°C where boehmite is considered to be
the predominant phase. It is observed that the diffraction patterns of these samples strongly resemble the
characteristic peaks of boehmite crystalline phase (JCPDS card 01-074-2897). The seven major peaks at
ca. 14°, 28°, 38°, 49°, 64°, 71° and 85° can be indexed to the (0 2 0), (0 2 1), (1 3 0), (1 5 0), (1 3 2), (1 5
2), (2 0 2) reflections.
Figure 3.4b illustrates the XRD patterns of samples calcined between 400 and 1000°C.
Characteristic peaks for γ-alumina at 45.6° and 66.8° are observed for all samples. For samples calcined
at higher temperature, more clearly defined peaks are presented, indicating larger crystal size and better
crystallinity. The development of gamma peaks at 400°C suggests a phase transition from boehmite to γ51

Al2O3 as a result of dehydration, which is consistent with the literature.22 Peaks in the XRD patterns,
especially the main peak at ca. 66°, of samples calcined between 400 and 600°C appears to preferentially
adopt the cubic structure of gamma phase (JCPDS card 01-073-6579), while those for samples calcined
between 700 and 800°C are more consistent with tetragonal gamma phase (JCPDS card 01-074-4629),
suggesting a potential structure change from cubic to tetragonal gamma phase. For samples calcined at
temperatures between 900 and 1000°C, the peak at around 46° splits and becomes more pronounced up
to 1000°C, indicating increasing tetragonal nature in the structure. Furthermore, additional small peaks at
around 51° and 60° are observed, which are consistent with an unexpected gamma prime (γʹ) phase
reported by Paglia et al.,23 as labeled in Figure 6b.
Figure 3.4c shows that for transitional Al2O3 samples heated in the temperature range between 1050
and 1250°C, none of the XRD patterns are speciﬁc to a pure alumina phase. Instead, comparison with
reference patterns shows a mixture of δ (JCPDS card 01-088-1609) and θ (JCPDS card 01-086-1410)
phases. Nevertheless, the presence of remnant γʹ phase cannot be excluded. As samples change from γʹAl2O3 through δ-Al2O3 and θ-Al2O3, the XRD patterns do not exhibit abrupt changes but the gradual
appearance of new features corresponding to the higher temperature (and lower symmetry) phases. More
specifically, starting from 1050°C, the peaks at 45.6° and 66.8° (characteristic of γʹ-Al2O3 phase) gradually
shift to lower angles (44.7° and 67.3°), consistent with the peak shift for the XRD standards from γʹ to δ
then to θ. This suggests a transition from γʹ to the θ-Al2O3 phases passing through the δ-Al2O3 metastable
phase. However, the XRD patterns do not show sudden changes, and the intensities match the standards
for these structures only approximately. In particular, the characteristic diffraction peaks of δ-Al2O3 phase
are inconspicuous, as its diffraction peaks can be very subtle and easily masked by γ-Al2O3 or (γʹ-Al2O3
in this study) during the decomposition of the gamma phase. Furthermore, δ-Al2O3 and θ-Al2O3 phase
have very similar enthalpies of formation24 and a high degree of structural compatibility, causing an
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intergrowth of these structures and therefore making phase identification barely possible in this
temperature range.
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Figure 3.4 XRD patterns of the alumina precursor calcined at (a) 50-300°C, (b) 400-1000°C Al2O3, (c and d) 1050-1300°C
Al2O3 samples. Reference phases include highly crystalline AlOOH boehmite (ICDD #01-074-2897), cubic-γ (ICDD #01073-6579), tetragonal-γ (ICDD #01-074-4629) phases, gamma-prime γʹ (patterns simulated from Paglia23) , δ (ICDD #01088-1609), and θ (ICDD #01-086-1410) transitional Al2O3 phases and highly crystalline α- Al2O3 (ICDD #04-006-9730).

Figure 3.4d depicts XRD patterns of samples calcined between 1200 and 1300°C. With increased
temperature, XRD peaks become narrower, indicating increased crystallite size. A mix of θ and α phases
for sample calcined between 1200 to 1250°C is observed. Eventually, characteristic peaks for α-Al2O3
become dominant for the sample treated at 1300°C, confirming complete transformation to α-Al2O3. A
close comparison of the Bragg reflection intensity and peak positions with standards leads us to
hypothesize a preliminary phase progression of γ/ γʹ-Al2O3 to θ-Al2O3 through δ-Al2O3 between 400 and
1150°C. However, the poor crystallinity of our alumina results in a rather strong background and broad
diffraction peaks, which make it difficult to distinguish between the transition phases (γ, δ, θ) with very
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similar diffraction patterns, resulting in ambiguous phase identification. Consequently, a more precise
phase analysis method is required to quantitatively determine the transitional alumina phase and elucidate
the phase transition route.

3.3.3

Evolution of Raman Spectroscopy
Raman spectra can provide insight into the phonon vibration behaviors to help with structural

characterization. In order to obtain more detailed insight into the question of the high anisotropy of thermal
stability, the dependences of the Al-O-Al skeletal bonds and interlayer hydrogen bonds of hydroxyl groups
on the increased calcination have been studied using Raman scattering spectroscopy.
Selected Raman scattering patterns from the sample A series calcined to temperatures between 50
and 1300°C are shown in Figure 3.5(a) and 3.5(c) for the low wavenumber range (200-1200 cm-1) and in
Figure 3.5(b) for the high wavenumber ranges (2800-3700 cm-1), as no peak is observed between these
two regions. Typical vibrational modes in boehmite and their corresponding bands are summarized in
Table 3.2. Three distinct bands peaking at 357, 499, and 680 cm-1, which are characteristic for
polycrystalline boehmite according to theoretical and experimental values in the literature, are observed
in Figure 3.5a. The strongest Raman band at 357 cm-1 was attributed to the vibration of the fully symmetric
Ag mode, in which all aluminum and oxygen atoms move parallel to the b-axis25 within the lattice AlO4
stretching modes illustrated in Fig 7(d). This band also likely corresponds to hydroxyl stretching bands in
2850-3600 cm-1 region, which are attributed to the hydroxyl stretching frequencies of the hydroxyl group
within the boehmite structure26. On the other hand, the bands at 499 and 680 cm-1 can be attributed to
vibrations from a doubly degenerate mode of the AlO6 octahedron.27 These three major bands, along with
weak bands at 1137, 1093, and 957 cm-1, are consistent with hydroxyl deformation modes δ (OH) (9001150 cm-1), hydroxyl translation modes γ (OH) (400-800 cm-1), and Al-O-Al skeletal flexing vibrations
for boehmite reported by Noel et al.28
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Table 3.2 Raman spectral data (wavenumbers in cm-1) assigned to vibrational modes for boehmite
Mineral

Boehmite

Hydroxyl Stretching
ν(OH)

Hydroxyl Deformations
δ(OH)

Hydroxyl Translation
γ(OH)

Al-O-Al Skeletal
Flexing Vibrations

3050-3600

1137

820

680

2980

1093

499, 449

2946

957

357

2926

228

2889

In Figure 3.5(b), four distinct bands between 2880 and 3000 cm-1 and a broadband in 3050-3600
cm-1 range are observed, consistent with the distinguishing features of boehmite26-27. More specifically,
four discriminate bands at 2895, 2926, 2946, and 2980 cm-1 are assigned to the presence of two interacting
OH groups in the unit cell. The vibrations of the two OH groups may involve six different modes,
including two stretching, two in-plane, and two out-of-plane bending modes26. The peaks corresponding
to essentially the same mode but with different symmetries in different space groups, and may appear at
roughly the same frequency. They may be forbidden in one group and not in the others. Thus, the
experimental spectra in this region may be affected by large uncertainty due to loss of local symmetry.2627

This is not surprising, as differences between the correlative space groups are very small, and only

involve H atoms. In addition, the effects of water or other OH containing molecules adsorbed on the
surface, such as alcohol produced in our synthesis method, cannot be ruled out completely. Moreover,
these four sharp bands appear at low frequencies compared to hydroxyl stretching bands at 2997, 3096,
3283 and 3413 cm-1 reported by Frost et al.29 The shift of these bands to lower positions may be attributed
to the increase in surface hydroxyl groups.
The broad bands between ca. 3200 and 3700 cm-1 are likely due to physically adsorbed water and
alcohol molecules in the samples.18 Recent work on FT-IR spectroscopy further confirmed a shoulder
band at 3494 cm-1 corresponding to the stretching modes of adsorbed water.30 With elevated temperatures,
55

deterioration of the signal/noise ratio and broadening of the bands are observed, likely due to the removal
of physically adsorbed water and alcohol, and this makes rational deconvolution of the spectral profiles
nearly impossible. This observation is consistent with the decreased intensity for 357, 449, 499, and 680
cm-1 peaks with increased calcination temperature as shown in Figure 3.5a, suggesting dehydration of
boehmite during thermal treatment at elevated temperatures.
The spectra of samples heated from 400 to 950°C, shown in Figure 3.5c, look quite similar to each
other. Due to poor crystallinity and the fluorescent background cover, extremely weak bands are observed
for γ-Al2O3 in the low energy region (200-1200 cm-1), consistent with results reported by Deo et al.31
However, spectra obtained from the 1000°C to 1150°C samples show several new distinct features,
providing evidence for the formation of different crystalline phases. Characteristic peaks at ca. 837, 753
and 251 cm-1 for δ/θ-Al2O3, as reported by Deo et al.,31 are observed. However, additional peaks at 627,
565, 460 cm-1 are also presented, which cannot be assigned to a certain phase. For samples calcined at
1200°C and 1250°C, the α-Al2O3 phase merges in addition to δ and θ-Α12Ο3 phase, as evidenced by
characteristic Raman bands at 742, 631, 577, 416, and 378 cm-1. For samples treated at 1300°C, only welldefined α-Αl2Ο3 characteristic peaks at 752, 647, 578, 419, and 379 cm-1, with a flat background, appear,
confirming a well-crystallized single phase structure.32
In short, the Raman characterization of boehmite, γ-, δ/θ-, and α-Al2O3 depends particularly on the
vibrations of structural and surface hydroxyl groups. Vibrational spectra in the range between 200 and
1200 cm-1 can be considered as evidence of the considerable portion of covalence of the Al-O bond in the
AlOOH system. In aluminum oxohydroxides, wavenumbers in the hydroxyl stretching region between
2800 and 3700 cm-1 correspond to the smaller distances between the oxygen atoms of the hydroxyl groups.
Comparison of band component analyses provides the identification of pure and mixed phases, which
have similar atomic close packing. Given these results, Raman spectroscopy provides insight into the
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structure of boehmite and high-temperature aluminas (δ/θ and α), but fails to completely elucidate the
transition route, due to inadequate information about the gamma phase and the complications of
differentiating between δ and θ phases.
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Figure 3.5 Raman spectra of sample A (a) heated from 50-300°C in the low-wavenumber region between 200 and 1200 cm ; (b) the hydroxyl stretching region between 2800 and 3800 cm -1 for selected samples (sample A heated at 50, 100 and
150°C respectively); (c) Raman spectra of sample A heated from 400-1300°C in the low-wavenumber region between 200
and 1200 cm -1; (d) calculated Raman vibration mode at 357 cm-1 (Noel et al.28).
1

3.3.4

Differential Thermalgravimetric Analysis (TGA and DTA)
Thermalgravimetric analysis (TGA) and differential thermal analysis (DTA) were employed to

obtain (i) details on weight loss due to dehydration of boehmite and (ii) endothermic and exothermic
features to reveal phase transitions at different temperatures. Figure 3.6 illustrates the TGA and DSC
curves of the pure aluminas in series A as an example since similar trends are observed for samples in
series B, C, and D shown in Figure S2. Significant weight losses of 22.8 wt. % occurs at about 25°C and
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450°C. Weight loss at low temperatures (< 150°C) is attributed to the removal of physically adsorbed
water and alcohol molecules, as evidenced by the first endothermic peak in the same temperature range,
consistent with results by Huang et al.18,20 The second major change in mass, corresponding with the
second endothermic peak between 150 and 450°C, is likely due to the removal of chemisorbed water
during the topological phase transition from boehmite to gamma phase. After 450°C, a slight and
continuous decrease in mass (~ 2.5 wt. %) is observed up to ca. 830°C, which is probably attributed to (i)
the disappearance of boehmite-like stacking defects in the γ-Al2O3 phase, and (ii) the removal of the
residual surface hydroxyl groups. Meanwhile, two exothermic peaks were observed in the DSC curve.
The first large bump between 500 and 1200°C, with a maximum at around 1020°C, corresponds to the
reconstruction of the γ-Al2O3 phase and pore collapse. The second peak, which is sharp and centered at
ca. 1220°C, indicates a significant lattice change from metastable transitional phases to the
thermodynamically stable α-Al2O3 phase, as confirmed by the XRD (Figure 3.4) results in the present
study.

Figure 3.6. TG/DTA analysis of the 50°C sample A heated at 3 °C/ min from 25 to 1300°C. In the inset, positive DTA
values represent exothermic events: the first endothermic peak around 100°C; the second endothermic peaks between 300
and 400°C. Between 500 and 1300°C, the constant and steadily increasing exothermic signals below phase transitions. There
are two exothermic peaks: a large lump with a maximum at 1020°C and a small peak at about 1220°C between 1200 and
1300°C.
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3.3.5

Experimental PDF Modeling
Previous PDF studies of the pure and La-doped alumina synthesized by a solvent deficient method

using aluminum nitrate as a starting material have provided useful insights into the phase evolution of the
3-4 nm spherical alumina nanoparticle.33-34 In the present work, the PDF method was applied to further
investigate the disordered nature and to understand the full spectrum phase transition of alkoxide-derived
plate-like Al2O3 samples calcined at temperatures between 50 and 1300°C. To simplify the PDF
refinement discussion, here we focus on the phase progression of samples in series A as an example in
this entire section. All other PDF refinement results are provided in supporting information Table S1 with
similar trends.
Aluminum Hydroxide to Transitional Alumina Phase Transition. To identify the phase of the
synthesized aluminum hydroxide, four aluminum hydroxides models, i.e., boehmite, bayerite, diaspore,
and gibbsite, were used as candidates to fit the experimental PDF data of series A samples thermally
treated between 50 and 300°C. The PDF profiles in local structures of series A calcined at 150°C with
each candidate model are illustrated in Figure 3.7a-d. The boehmite model has the lowest weighted
agreement factor Rw (=11.8%) and smaller fluctuations in the residuals curve than other models, indicating
a better presentation of the structure in Figure 3.7a. Other aluminum hydroxides candidates, i.e., bayerite,
diaspore, and gibbsite models provide poor fits to the local structure with Rw =31.4%, 70.2%, and 37.4%,
respectively.
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(a)

(b)

(c)
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Figure 3.7 Pair distribution functions (PDF) refinements of the 150°C data using the (a) boehmite((γ-AlO(OH), with
Rw=11.8%), (b) bayerite ((β-Al(OH)3), with Rw=31.4%), (c) diaspore((α-AlO(OH), with Rw=70.2%), and (d) gibbsite ((αAl(OH)3), with Rw=37.4%) structures for the low-r region (1.2 ≤ r ≤ 7.8 Å). The boehmite structure fits significantly better
from the other structures. Difference curves are shown at the bottom of each graph.

Detailed examination of the original PDF data suggests that the boehmite phase gradually transforms
into γ-Al2O3 in the temperature range from 250 to 400°C, as shown in Figure 3.8a. For both boehmite and
γ-Al2O3 phases, the first peak (r ≈ 1.89 Å) in the PDF profile represents nearest-neighbor Al-O distances,
the second peak (r ≈ 2.86 Å) for both nearest-neighbor O-O and Al-Al distances, and the third peak (r ≈
3.42 Å) for third-nearest-neighbor Al-O distances.34 The similarity of the boehmite and gamma structure
is consistent with the topological phase transition observed by Paglia et al.35(i) In the layered boehmite
(AlOOH) structure shown in Figure 3.8b; each layer follows the (OAlOH…HOAlO) stacking sequence.
The octahedral aluminum cation is surrounded by four tetrahedral oxygen atoms and two hydroxyl groups,
with an apical O-Al-O angle of about 160°. The O-O separations between oxygen atoms from adjacent
layers provide an additional contribution to the second peak, making it a higher intensity in boehmite
(Figure 3.8a) than in the γ-phase. (ii)With increased calcination temperatures, all of the OH groups
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between the boehmite layers are removed as shown in Figure 3.8(b-c), translating every other boehmite
layer by z/2 and decreasing the vertical c parameter.36 As shown in Figure 3.8c, Al3+ cations migrate into
different bridging coordinated tetrahedral or octahedral sites around the center of the cell to form the
bridging skeletal layers causing the oxygen atoms to move to accommodate the change.23,35 According to
previous solid-state NMR results, 18% of the octahedral Al atoms shift to tetrahedral sites.1 Herein
bridging atoms result in a highly distorted octahedral and tetrahedral linkage in the γ-phase structure,
leading to the defect nature for γ-Al2O3 derived from boehmite. These different possibilities prevent the
local order from propagating in the long range, which is consistent with ordered structure range increases
as increasing calcination temperatures between 400-700°C (Fig 11a). For cations and anions aligned in
the c direction, the apical O-Al-O angle changes to 180° (Fig 10c).37 Herein, the inclusion of several longer
Al-Al distances in the γ-phase (Figure 3.8c) causes the area of the third peak in Figure 3.8a to be larger
than for boehmite due to dehydration. These differences are the evidence of the phase transition from
boehmite to γ-Al2O3. We, therefore, reason that the low-r evolution in our PDF data as the calcination
temperature is raised from 250 to 700°C represents the healing of such boehmite-like stacking-fault
defects.
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Figure 3.8. (a) Pair distribution functions of sample A heated between 250-400°C in the low-r region (1.2 ≤ r ≤ 7.8 Å); (b)
views of the boehmite structure with the OH groups between the oxide layers; (c) example starting configurations for the
local structure model of boehmite derived γ-Al2O3 structure. Four unit cells are shown for illustrative purposes. Red color
atoms are oxygen atoms, blue color atoms are aluminum atoms, and white color atoms are hydrogen atoms.

Transitional Aluminas to Alpha alumina transition. The PDF plots for series A alumina samples
thermally treated at higher temperatures range (400-1300°C) are shown in Figure 3.9 a. The data presents
visual evidence for two major transitions: (1) a gradual transition between 400 and 1150°C and (2) an
abrupt transition between 1200 and 1300°C to the α-phase. In general, PDF profiles are considerably
similar for samples calcined from 400°C to 1050°C (Figure 3.9a), since all samples showed matching
broad oscillations within 7.8 Å-1 in G(r), suggesting similarity in their local bonding environment. The
PDFs are overlaid in Figure 3.9(b) and show a steady evolution of the ratio of the second (r ≈ 2.83 Å) and
third (r ≈ 3.32 Å) peak intensities, illustrating how long-range order systematically increased as a function
of temperature between 400 and 1050°C due to crystallization of one or more of the transitional Al2O3
phases derived from boehmite. To identify the transitional Al2O3 phases in a given sample, refinements
of all known transitional models of the η-,38 γ-,39 gamma-prime (γʹ),23 δ-,40 θ-,41 and κ-Al2O342 phases were
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trialed at all temperatures between 400-1300°C. The χ- Al2O3 phase could not be tested due to insufficient
knowledge of its crystal structure. It should be emphasized that for the γ-phase, we tested all literature
reported structures, including the nonspinel model,43 spinel-based cubic44-45, and tetragonal structures.39
The detailed phase identification in different temperature ranges will be discussed in the following section.

(a)

(b)
Boehmite

8

6

4

G(r)(Å-2)

1

2

r(Å)

3

4

2

0

Alumina-1050 °C
Alumina-1000 °C
Alumina-950 °C
Alumina-900 °C
Alumina-800 °C
Alumina-700 °C
Alumina-600 °C
Alumina-500 °C
Alumina-400 °C

-2

-4

-6

0

5

10

15

r(Å)

20

25

30

Figure 3.9 (a) PDF data throughout the full range of calcination temperatures (400-1300°C). (b) Experimental PDFs for
aluminas with successive plots overlaid between 400 and 1050°C. The evolving ratio of the 2nd and 3rd peaks provide
evidence of a broad transition from boehmite to a metastable Al2O3 phase.

From 400 to 700°C, an interesting discrepancy between local and average structure is observed in
Figure 3.10. In the low-r region, where local-structure effects are relevant, the PDF refinements reveal a
model based on a mixture of boehmite and tetragonal gamma39 phases provides the best fit to the local
structure (Rw ≤ 17.2%), while the cubic gamma model is the best candidate (Rw ≤ 15.7%) in the high-r
region ( 7.8 to 30 Å) for the average structure. This finding is consistent with earlier reports by Paglia et
al.35 and Smith et al.34 Paglia et al. reported that aperiodically arranged stacking defects of the oxygen
sublattice were formed during the transition of γ-Al2O3 from boehmite phase in the local structure. These
local degenerate defect structures superimpose with each other to create an average structure. Later, Smith
et al.34 report different predominant phases in local and average structures. Therefore, we rationalize that
local structure manifests as boehmite-like stacking-fault defects in the tetragonal γ-Al2O3 lattice. During
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calcination, these defects slowly heal over a wide range of annealing temperatures from 250 to 700°C,
rather than having a distinct mobility threshold temperature. An evolving boehmite-like defect structure
within γ-Al2O3 can potentially account for many of its most intriguing and useful properties. A wide
variety of local configurations with different stabilization energies then results in a very broad
transformation. The healing of surface defects, resulting in mild sintering, explains the steady decrease in
BET surface area with increasing temperature (Figure 3.1) that is ubiquitously observed for transitional
Al2O3 especially in the gamma phase. These local structures, when superimposed with each other and
averaged orientationally, form a different average structure, cubic γ-Al2O3 phase in our case, to recover a
higher symmetry.46 Therefore, the PDF, depending on fitting range, provides both the intra- and interdomain structures and crosses smoothly from the local to the average structure between 400-700°C in
Figure 3.10.

1000°C
950°C
900°C

G(r)

800°C
700°C
600°C
500°C
400°C
1

6

11

16
r(Å)

21

26

Figure 3.10 PDF fits of samples from 400 to 1000°C. Between 400 and 700°C, good refinements at high-r region were
implemented using the cubic γ-Al2O3 structure (blue), and the low-r data were fit better with a mixture of tetragonal γ-Al2O3
and boehmite (red) to model the effects of a continuously variable boehmite-like defect concentration. PDF fits data between
800 and 1000°C were fit using a γʹ-Al2O3 model for both regions (orange).

For samples calcined between 800-1000°C, PDF refinements with γʹ phase model,23 a triple cell of
tetragonal γ-Al2O3 structures (P4� m2 space group), provided the best fit with Rw ≤ 15.0 % for both low r

and high r regions. The PDF fitting of six transitional alumina phases (κ-, γ-, η-, δ, θ- and γʹ-Al2O3) for
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samples in series A heated at 900°C were compared in Figure 3.11. It is observed that κ structures fit
reasonably well at low-r but noticeably worse at higher r, whereas η model fits the PDF data better at highr (≥ 7.8 Å) but worse at low r, as evidenced by the difference curves at the bottom of each panel. Given
their high Rw values, neither η model nor κ model is a possible model for our transitional alumina. As for
γ, δ, and θ structures, their PDF fittings are almost identical, which could be explained by their structural
similarity. Each of these three transitional Al2O3 phases has roughly the same face-centered cubic (fcc)
lattice of oxygen anions, though each is distorted in different ways and to different extents. All contain a
mixture of both tetrahedrally and octahedrally coordinated Al as well, though the placement of the Al
cations within the oxygen lattice is different for each structure. This is why these phases are difficult to
differentiate by both XRD and PDF analysis. Nevertheless, the Rw values for these three phases are still
higher than that of γʹ phase, making them less ideal candidates for the structure in the present study. As
shown in Figure 3.11(vi), it is clear that the refinement with the γʹ phase model provided the best fit for
this sample with minimum difference curves. This more thermal stable γʹ-Al2O3 phase can be modeled as
a series of transition states within the γ-Al2O3 to δ/θ-Al2O3 transformation for samples in series A heated
between 800-1000°C. As calcination temperature increases during phases reconstruction process from γ
to γʹ-Al2O3, atoms migrate from symmetry positions with low occupancy to other sites with higher
occupancy to gain a more ordered symmetry. With more site positions occupied, the cations become more
ordered. Therefore, γʹ-Al2O3 can be treated as a well-ordered less defective triple cell of γ-Al2O3 phase
that is formed before the next transition phase (δ and θ phases in this case).
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Figure 3.11 PDF refinements of the 900°C data using the (i) κ-Al2O3, (ii) γ-Al2O3, (iii) η-Al2O3, (iv) δ-Al2O3, (v) θ-Al2O3
and (vi) γʹ-Al2O3 structures. The vertical red line in each graph divides the low-r region (r ≤ 7.8 Å) where the θ and κ phases
fit better from the high-r region (r ≥ 7.8 Å) where the γ, γʹ and η phases fit better. Difference curves are shown at the bottom
of each graph.

The third transition occurs smoothly between 1000 and 1150°C, where we notice a steady evolution
of the ratio of the fourth (r ≈ 4.95 Å) and fifth (r ≈5.15 Å) peak intensities in Figure 3.12a. In the same
temperature range, there are two notable peak shifts from r ≈ 6.46 Å to r ≈6.33 Å and r ≈ 7.48 Å to r ≈7.31
Å, respectively, indicating phase evolutions from γʹ-Al2O3 phase to δ and/or θ phase. With increasing
calcination temperature, the transformation is accompanied by Al3+ cation migration from tetrahedral to
octahedral sites, while the fcc oxygen sublattice is preserved. The δ structure is a tetragonal spinel
superstructure built by stacking three spinel units with the Al3+ ions occupying 13.33 out of the 16
octahedral sites and all the eight tetrahedral sites of the conventional spinel structure. θ alumina has a
monoclinic structure isomorphic of β-Ga2O3, with the oxygen atom distribution close to an fcc lattice, and
Al3+ cations distributed in equal number on octahedral and tetrahedral sites. Due to the similarity in the
computationally calculated enthalpies of formation, the coexistence of δ and θ-Al2O3 phases is observed
in PDF refinement. Hence, γʹ, δ, and θ phases are crystallographically related with a high degree of
structural compatibility.
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In Figure 3.12b, between 1150 and 1250°C, the PDF peaks of the δ/θ-Al2O3 intergrowth phase
changed gradually with the formation of the α-Al2O3 stable phase. Beyond 1250°C, there is a drastic
transition in the PDF, which we know from our preliminary XRD analysis to be the transition to the αAl2O3 phase. The transformation is associated with the migration of ions in both sublattices. The oxygen
ion sublattice is modiﬁed from fcc to hexagonal, with the oxygen atoms rearranging into a hexagonal
close-packed structure. Meanwhile, tetrahedral Al3+ ions are no longer present, leaving only AlO6 units in
the thermodynamically stable α-Al2O3.
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Figure 3.12 (a) In the low r range, the comparison of the fourth peak and fifth peak evolution, together with another two peak
shifts for experimental PDF data between 950-1150°C. (b) PDF fits of samples throughout the full range of calcination
temperatures between 1150 and 1300°C.

Qualitative and Quantitative Insight into Mesoporous Aluminas Transition Pathway. The
phase fraction transition as a function of calcination temperature is shown in Figure 3.13(a-b). It shows
that as calcination temperature increases, the boehmite crystal passes through gamma (tetragonal and
cubic symmetry), gamma-prime, delta(orthorhombic), and theta-Al2O3 (monoclinic) as intermediates, and
finally converted to alpha alumina. For samples calcined from 50 to 200°C, the total scattering PDF
refinements show that the collected experimental peaks correspond to pure crystalline boehmite. Boehmite
phase gradually transforms into tetragonal γ-Al2O3 in the low-r range from 250 to 700°C, while the
average structure remains cubic γ-Al2O3 between 400 and 700°C. The γ-Al2O3 unit cells align and form
γʹ-Al2O3 supercell from 800-1000°C in both intra- and inter-domain structures. Beyond this temperature,
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the δ-Al2O3 and θ-Al2O3 intergrow to 1150°C progressively. The spectra of those “pseudo-amorphous” δAl2O3 and θ-Al2O3 phases decrease gradually with the formation of the stable α-Al2O3 phase. Beyond
1250°C, only the α-Al2O3 is observed. In the crucial temperature range between 250 to 1250°C, multiple
phase models are applied to achieve more realistic structural refinements. The γ → γʹ→ δ / θ
transformations are topotactic and therefore are low energy reactions. All four share the same fcc oxygen
sub-lattice which finally change to the hexagonal close-packed (h.c.p.) oxygen lattice in the α-Al2O3
structure at high temperatures. Therefore, a new and complete phase transition route is proposed:
boehmite-tetragonal

gamma(local)/cubic

gamma(average)-gamma

prime-delta/theta-alpha.

More

importantly, our results demonstrated that not only the detailed local structure of high disordered alumina
but also quantitative phase composition at any given temperatures, can be achieved. DFT calculation
confirms this phase evolution trend. The relative stability of Al2O3 phases was illustrated in Figure 3.14.
Both δ and θ-Al2O3 have a lower enthalpy of formation than cubic γ-Al2O3 (ca. -15 kJ•mol-1 /Al2O3), while
α-Al2O3 has the lowest (ca. -25 kJ•mol-1 /Al2O3). The enthalpies of formation for δ-Al2O3 and θ-Al2O3
are almost identical compared with the reported α-Al2O3 structures. Because of the similarity in the
transition energy and also a high degree of structural compatibility, it can be easily understood why the
structures of δ-Al2O3 and θ-Al2O3 readily intergrow during the thermal decomposition of γ-Al2O3. The
calculated transition energy for γ-Al2O3 and α-Al2O3 are consistent with previous reports.24,47
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(a)

(b)

(c)

Figure 3.13. (a) Relative phase concentration of boehmite, γ, γʹ, δ, θ and α phases as a function of calcination temperature in
the low-r region and (b) in the high-r region with the same model. (c) Phase evolution of the Al2O3 synthesized via the
solvent deficient method.

Figure 3.14. The relative stability of Al2O3 phases.

3.4

Conclusions
For the first time, a qualitative and quantitative full spectrum phase transition of highly disordered

aluminas have been revealed, using a combination of X-ray PDF, TG/DTA, Raman spectroscopy, and
DFT calculations. An unprecedented phase progression of disordered alumina has been elucidated with
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different phases and phase fractions as a function of calcination temperatures. The local structure is
explained regarding stacking defects formed during the creation of γ-Al2O3 from boehmite; the average
structure is a superposition of different local degenerate defect structures. The PDF analysis also confirms
the suitability of the spinel-based cubic γ-Al2O3 model for describing the average structure. We believe
that the current findings in this research will provide new insights to rationalize the transformation
processes in disordered mesoporous materials, which contributes to future studies on alumina phase
transformations, surface and adsorption studies, and chemical reaction paths in catalytic applications.
In addition, this study, as an example, has demonstrated the potential of total scattering methods in
understanding complex material systems. The identification of the local structural configuration was made
possible by the consideration of diffuse scattering that is incorporated in the PDF. The DFT findings
together with PDF refinements afford new perspectives on structural complexity that can emerge from
intergrowth of closely related structural polymorphs in poor crystallinity materials. Especially, the
qualitative and quantitative study of X-ray PDF structural analysis could be established as useful structural
analysis patterns for future crystallographic research.
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4

ATOMIC-LEVEL STRUCTURAL COMPARISON OF COMMERCIAL ALUMINA
SUPPORTS AND ALUMINA SUPPORTS PREPARED VIA A SOLVENTDEFICIENT METHOD

4.1

Introduction
Mesoporous alumina (Al2O3) in the gamma (γ) phase is widely used as a support in catalytic

applications because of its high surface area, large pore volume, acid-base characteristics, and
thermal stability. Notwithstanding this, the relationship between detailed structure and these other
properties is still not clearly understood due to the complicated crystal nature of the material. The
transformations between different meta-stable transitional Al2O3 phases during the synthesis upon
thermal treatment appear to be continuous, and a mixture of phases is typically formed.1-2
Conventionally the γ-Al2O3 structure has been reported as possessing a defect cubic spinel-like
lattice (Fd3� m).3-5 Contradictorily, γ-Al2O3 was interpreted as a dual-phase model, in which both

cubic and tetragonal phases co-existed between 400 and 900°C.3,6 At lower temperatures, the

tetragonal structure was the dominating phase, with the cubic phase becoming dominant from
750°C onward.7 Paglia et al.8-11 determined well crystalized boehmite-derived γ-Al2O3, which
possessed only the tetragonal distortion in lattice structure with I41/amd space group.
Owing to the conflicting literature reports on γ-Al2O3 phase and the consequently highly
imprecise nature of the material, the purpose of this current study is to investigate the structure and
properties of commercially available Al2O3 nanomaterials as a function of calcination temperature.
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This was done by comparing their detailed crystal structures, and phase progressions with those of
our alkoxide derived alumina from our previous research. Transmission electron microscope
(TEM) and nitrogen adsorption analyses of the particle size, morphology, surface area, and pore
size suggest that solvent-deficient derived Al2O3 is a superior candidate for adsorption and catalyst
support applications. A combination of X-ray pair-distribution function (PDF) and
thermogravimetry/differential thermal analysis-mass spectrometry (TG/DTA-MS) measurements
demonstrate that the morphologies of different samples have a profound influence on the
metastable Al2O3 phase transition pathway. This study will contribute to the understanding of
structure-property correlations of such an important class of materials, and therefore is beneficial
for the future development of thermally stable γ-Al2O3 support in various catalytic applications.

4.2

4.2.1

Experimental Methods

Sample Preparation
Aluminas originating from five different synthetic routes were compared in this study. Table

1 shows the name codes of all five types of alumina, including our solvent deficient derived Al2O3
(BYU alumina) and four of the most widely used commercial materials: two commercial alumina
hydrates (Sasol-CATAPAL-200 and Sasol-CATAPAL-A) and two high purity activated aluminas
(Sasol-CATALOX SBa-90 and St. Gobain aluminas). The BYU alumina was prepared via a
solvent deficient method12-13 that involve mixing aluminum isopropoxide (AIP) and water at a 5:1
molar ratios of water to aluminum for 30 min with a Bosch Universal Mixer at 300 RPM to form
a slurry-like precursor that was rinsed and dried to produce the starting material for this study.14-15
The commercial alumina hydrates and aluminas were purchased from Sasol and SAINT-GOBAIN.
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To investigate the properties of the five different aluminas as a function of temperature, each
sample was split into multiple portions. The portions were calcined at different temperatures set in
50°C increments throughout the ranges listed in Table 4.1, thereby creating five series of alumina
samples. For the calcinations, each sample was heated in air from room temperature to its set
temperature at a rate of 3 °C/min using a Lindberg/Blue M furnace (Thermo Fisher Scientific Inc.).
The sample was held at the set temperature for 2 hours and then allowed to cool to room
temperature. Throughout the discussion, each sample will be referred to by its calcination
temperature; for example, the “300°C alumina” refers to the sample in which the material was
calcined at 300°C. As seen in Table 1, the two commercial alumina hydrate samples (boehmite
phase as we show later) were calcined at temperatures between 300-1300°C. The two commercial
alumina samples were calcined between 600-1300C because they had already been calcined into
γ-Al2O3 at temperatures at or below 600°C by the companies prior to purchasing.
Table 4.1 Name codes list for all samples in this chapter.
Name code

4.2.2

Manufacturer

Calcination temperature range

BYU-alumina

BYU- solvent deficient derived Alumina

50-1300°C

Sasol-CAT200

Sasol-PURAL/CATAPAL 200-Boehmite

300-1300°C

Sasol-CATA

Sasol-PURAL/CATAPAL A-Boehmite

300-1300°C

Sasol-CLOX

Sasol- PURALOX/CATALOX SBa-90-Alumina

600-1300°C

St.Gobain

SAINT-GOBAIN-Alumina

600-1300°C

Characterizations
TEM Imaging
Transmission electron microscope (TEM) images of the alumina nanoparticles were

obtained with an FEI Philips Technai F20 Analytical TEM operating at a voltage of 200 kV.
Specimens were prepared by thoroughly grinding and dispersing the powdered aluminas in
ethanol, placing a drop of the very dilute solution on a Formvar/carbon film mounted on a 200
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mesh copper grids (Ted-Pella Inc.), and allowing the ethanol to evaporate. Images were recorded
in standard high-resolution mode.
BET and BJH Analyses
The Brunauer-Emmett-Teller (BET) specific surface area and Barrett-Joyner-Halenda (BJH)
pore size of each Al2O3 sample were determined from nitrogen adsorption at 77 K using a
Micrometrics TriStar II instrument. For these measurements, about 200 to 300 mg of each dried
powder was placed in a sample holder and dried at 200°C for approximately 24 h to remove
physically adsorbed moisture. For the samples calcined at temperatures below 200°C, the drying
temperature equals their calcination temperature. Then the samples were cooled to room
temperature before data were collected at 77 K.
TG/DTA Analyses
Thermogravimetric and differential thermal analyses (TG/DTA) were performed using a
NETZSCH STA 409PC instrument (NETZSCH, Germany). Roughly 30 mg of each type of
alumina were loaded into a platinum crucible and heated at a rate of 3°/min from 25 to 1300°C
under a 20 mL/min He gas flow atmosphere.
Powder XRD Measurements
Preliminary powder X-ray diffraction (XRD) data were collected using a PANalytical XʹPert
Pro diffractometer with a Cu source and a Ge-111 monochromator that provides Cu-Kα1 (λ =
1.5406 Å) radiation at 45 kV and 40 mA. Data were collected in the range of 2θ between 10 to 90°
with a step size 0.0167° at a rate of 0.011°s-1.
X-ray PDF Analyses
X-ray atomic pair distribution function (PDF) experimental data were collected at the 11 IDB beamline of the Advanced Photon Source (APS) at Argonne National Laboratory using
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synchrotron radiation of energy 58.66 keV (λ = 0.2128 Å).16 For each sample, 10 mg of powder
was loaded into a 1.0 mm inner-diameter polyimide (Kapton) capillary, and 2-D images of the
diffraction data were collected out to a maximum value of Q = 29.5 Å-1 under ambient conditions
using a Perkin-Elmer area detector. The Fit2D software package was used to integrate the 2D ring
patterns into 1D powder diffraction patterns.17 The PDFgetX2 software package was used to
extract G(r), the experimental PDF, using a maximum value of Q = 26.5 Å-1 in the Fourier
transform.18-19 Numerous periodic structural models for each sample were generated based on
previously published alumina phases, as discussed in the next paragraph. The PDFgui program20
was then used to refine each model by performing least squares minimizations between the
experimental PDF and the PDF calculated from the model.
To identify the phase(s) of alumina present, refinements of all known models of transitional
aluminas including η-,21 γ-,8 gamma-prime (γʹ),11 δ-,22 θ-,3 and κ-Al2O323 phases were trialed at all
temperatures between 500-1300°C. The χ-Al2O3 phase could not be tested due to insufficient
knowledge of its crystal structure. All literature reported γ-Al2O3 phase structures were tested,
including nonspinel,24 spinel-based cubic,25-26 and tetragonal structures.8 All literature reported δAl2O3 structures were examined as well, including monoclinic,22 orthorhombic,27 and tetragonal28
models.
Once the most likely phases involved in the phase progression of each sample were
identified, refinements were performed using both a single phase as well as mixtures of phases for
each type of alumina and at each calcination temperature. Since the unit cell dimension of must
phase are within 8 Å, for each phase or combination of phases, we optimized the fit for three
different regions of the experimental PDF: the low-r region (r ≤ 8Å), the high-r region (8 ≤ r ≤
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30Å), and the full-r region (1.2~30 Å). The high r region above 8 Å probes the intermediate and
average structure, while the low r regions correspond to the local structure.

4.3

4.3.1

Results

TEM Images
The high magnification TEM micrographs in Figure 4.1 reveal the morphology of the five

aluminas calcined at two different temperatures. In all of the samples, individual crystallites stick
together to form larger agglomerates, but the shapes of the individual crystallites and how they
stick together differ between samples. The BYU-alumina crystallites calcined at low temperatures
(boehmite phase) shown in micrograph 4.1-1a have irregular and sometimes curved plate-like or
lentil-like29 shapes whose size varies but whose average length and width is about 20 nm. Perhaps
due to the irregular shapes of the plates, they do not all lie in the same plane; they are stuck together
in a haphazard manner, making the agglomerates have an open, scaffold-like quality that makes
them appear quite porous. Several plates in the agglomerate that are perpendicular to the image
plane reveal the plate thickness to be about 3nm. From micrograph 1-b, it seems that the γ-Al2O3
prepared by calcining the precursor at 950°C retains similar irregular plate-like crystallite shapes
and scaffolding in the agglomerate structure, just with thicker plates of ca 5-7 nm.
In contrast, the Sasol-CAT200 boehmite crystallites shown in micrograph 4.1-2a exhibit
distinct rhombic or hexagonal shapes. They are also plates whose size can vary, but the average
dimensions are somewhat larger, being 50 nm in length, 30-40 nm in width, and 15 nm in
thickness. The manner in which the plates come together to form agglomerates is also different;
the plates all lie primarily in the same plane and stack to form the agglomerates. The rhombic
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morphology of these boehmite crystallite plates and their manner of stacking is also maintained
after calcination at 950°C, as shown in micrograph 4.2-b.
Different still is the Sasol-CATA boehmite crystallites in micrograph 4.1-3a, which appear
to be nanorods with an average length of ca. 5 nm and width of 2 nm. They also form a scaffolded
structure in their agglomerates with rods lying in essentially all directions. However, perhaps
because of their more regular shapes, the scaffolds do not appear quite as open as in the BYUalumina agglomerates. As with the other two boehmite samples, the morphology is maintained
through calcination to 950°C as seen in micrograph 3-b, though the crystallites grow to lengths of
ca. 10 nm and widths of 5 nm.
The crystallites of the remaining two alumina samples both appear to be nanoplates with a
lateral size of roughly 10 nm × 20 nm and a thickness of 4-5 nm, though the Sasol-CLOX plates
shown in micrograph 4.1-4a tend to be slightly thicker than the St.Gobain plates in micrograph
4.1-5a which tend to have larger lateral sizes. The St.Gobain crystallites also seem to be more
loosely packed in the agglomerates than the Sasol-CLOX crystallites.
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Figure 4.1. TEM micrographs of the various microstructures obtained in the (1) Sasol-CAT200, (2) BYU sample,
(3) Sasol-CATA, the transformation process under different calcination temperatures: (a) sample calcined at 300°C;
(b) sample calcined at 950°C. TEM micrographs of the microstructures obtained from (4) Sosal-CATLOX-950°C
and (5) St.Gobain-950°C. (4a) and (5a) TEM micrographs obtained at low magnification; (4b)and (5b) TEM
micrographs obtained at high magnification.

4.3.2

BET and BJH Analyses
Nitrogen adsorption data can provide an accurate and reliable characterization of surface

areas and porosity properties of mesoporous aluminas.14-15,30 The textural properties of aluminas
are essential to their catalytic activity since the number of active sites, and therefore reactivity,
depending on the surface area, and pore geometry of catalyst supports.31
Figure 4.2 shows the N2 adsorption/desorption isotherms (Figure 4.2a) and pore size
distributions (Figure 5b) of all Al2O3 samples calcined at 600°C. Type IV isotherms are observed
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(2b)

(4b)

for all samples in Figure 5a, suggesting the presence of mesopores.32-33 Hysteresis loops of all
samples are a composite of H1 and H3, indicating that they all have slit-shaped pores or plate-like
particles.33-34 Outside of these general similarities, however, the porosity characteristics gleaned
from the data for each sample are significantly different, as seen by the surface area, pore volume
and pore size distributions listed in Table 2. The hysteresis loop of Sasol-CAT200 occurs at the
highest P/Po indicating that capillary condensation takes place in the largest mesopores with a
diameter of 58.1 nm as seen in Figure 4.2b. Conversely, its adsorption capacity (257 (cm³/g STP))
and surface area (57 m2/g) are relatively low (Table 2). For Sasol-CATA, the hysteresis loop occurs
at the lowest P/Po corresponding to the smallest pore width (6.0 nm), while its adsorption capacity
is higher at 277 (cm³/g STP) and its surface area is much higher at 240 m2/g. Sasol-CLOX and
St.Gobain have medium pore size, adsorption capacity, and surface area (Table 2). The most
significant differences are observed for the BYU alumina, however, whose adsorption capacity
reaches approximately 1001 cm3/g with nearly five times the pore volume (1.55 cm3/g) and the
largest surface area (341 m2/g).
(a)
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Figure 4.2 (a) N2 adsorption/desorption isotherms of calcined alumina samples at 600°C prepared with different
resources; (b) Pore size distribution of calcined alumina samples at 600°C prepared with different resources.
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Table 4.2 Structural parameters of different Al2O3 samples calcined at 600°C in air for 2 ha
Sample
BYU-Alumina
Sasol-CAT200
Sasol-CATA
Sasol-CATLOX
St.Gobain

BET surface area
(m2/g)b
341
57
240
102
158

Mesopores volume
(cm3/g)c
1.55
0.37
0.43
0.40
0.68

Pore diameter
(nm)d
12.4
58.1
6.0
12.5
17.9

Adsorption capacity
(cm³/g STP)
1001
257
277
258
440

a. Data are average values of several runs
b. BET surface area determined by N2 adsorption at 77 K, calculated BET equation using P/P0 ranges
from 0.01-0.20
c. Pore volume obtained from single point method at P/P0 = 0.990
d. Mean pore width and standard deviation obtained from the slit pore geometry model using desorption
branch

To compare the pore properties as a function of calcination temperature, surface area (SA),
pore volume (PV) and average pore diameter (APD)35 of five series alumina samples calcined at
different temperatures are presented in Figure 4.3. All of the alumina samples follow similar
trends. SAs gradually decrease as calcination temperature increases until α-Al2O3 forms, after
which sharp losses in SA, PV, and APD are observed. More specifically, SA and PV dramatically
decreased at 1100°C for Sasol-CATA, 1150°C for St.Gobain, 1200°C for both Sasol-CAT200 and
Sasol-CATLOX, 1250°C for BYU samples, consisting with the completion of the transition to αAl2O3 phase from XRD patterns as discussed later. Although the well crystallized and large plates
in the Sasol-CAT200 sample possess significantly higher pore diameters between 300 and 1200°C
until sintering to the α phase, the average surface area and pore volume are the smallest. The BYU
Al2O3 agglomerates show the highest average surface area and the largest pore volume compared
to commercial aluminas calcined at the same temperatures.
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Figure 4.3 The BET characterization of five series pure alumina samples. (a) BET surface area (b) BJH pore
volume (c) BJH average pore diameter as a function of calcination temperature for samples from BYU, commercial
CATAPAL-A, CATAPAL 200 boehmite, CATALOX SBa-90, Saint-Gobain alumina under the same calcination
conditions in air.

4.3.3

TG/DTA Analyses
DTA/TGA plots depicted in Figure 4.4 (a-b) illustrate the thermal behavior of BYU-

alumina-300°C, commercial Sasol-CATA-300°C, Sasol-CAT200-300°C, Sasol-CLOX-600°C,
St. Gobain-600°C samples. The TGA showed a loss of weight of about 28% for BYU-alumina300°C, 23% for Sasol-CATA-300°C, 16% for Sasol-CAT200-300°C, 5% for Sasol-CLOX-600°C,
and 6% for St. Gobain-600°C in Figure 4.4a. The loss of weight observed for all samples between
25 and 150°C may be attributed to the removal of physically adsorbed water and/or alcohol
molecules, as evidenced by the first endothermic peak in the same temperature range (Figure 4.4b),
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consistent with results by Huang et al.15,30 The second major change in mass for BYU, SasolCATA, and Sasol-CAT200 boehmite samples calcined at 300°C, corresponding with the second
endothermic peak between 300 and 500°C, is likely due to the dehydration during the topological
phase transition from boehmite to γ-Al2O3, as discussed with the XRD and PDF results. Compared
with the BYU and Sasol-CATAT boehmite, the largest sized crystalline boehmite Sasol-CAT200300°C sample transformed into γ-Al2O3 at higher temperature region at 450-500°C in Fig 4.4(b).
Thus, as has been observed previously, the transition temperature seems to increase with an
increased crystallinity of the boehmite phase, which likely correlates with interlayer hydrogen
bond strength in the boehmite.36 The Sasol-CLOX-600°C and St. Gobain-600°C samples did not
show the DTA peak at 300-500°C, as there was no boehmite structure in the solid. After 500°C, a
very minor and continuous decrease in mass is observed up to ca. 850°C for all samples, which
may occur due to crystallization of transitional alumina that could involve further dehydroxylation
from defects.2,8 For BYU samples, another cause for this mass loss is the decomposition of residual
organics, confirmed by MS data reported by Huang et al.15 Finally, the exothermic peak between
1100 and 1300°C, indicates a significant lattice change from the metastable transitional phases to
the thermodynamically stable α-Al2O3 phase, as confirmed by the XRD (Figure 4.5) results
discussed presently.
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Figure 4.4 (a) Thermogravimetric analysis (TGA) and (b) Differential thermal analysis (DTA) curves for BYUalumina-300°C (blue), commercial Sasol-CATA-300°C (orange), Sasol-CAT200-300°C (green), Sasol-CLOX600°C (purple), St. Gobain-600°C (red) samples. Ramp-up rate is 3°C/min under Helium atmosphere.
Table 4.3 TG weight loss (%) of as made precursors in different temperature ranges
Weight loss 1

Weight loss 2

Weight loss 3

(25-150°C)

(150-500°C)

(500-850°C)

BYU-alumina

11.06

15.58

1.71

Sasol-CAT200

0.72

14.14

1.74

Sasol-CATA

7.09

13.79

1.68

Sasol-CLOX

2.67

1.54

0.43

St.Gobain

3.10

2.45

0.71

Sample

4.3.4

Powder XRD Measurements
Conventional powder X-ray diffraction (XRD) data were utilized to explore how the long-

range, average crystal structure evident from Bragg scattering changes as a function of
temperature. Figure 4.5a-e shows XRD patterns of all five samples calcined at different
temperatures with the reference patterns of pertinent alumina phases provided for comparison.
Figure 4.5b shows the diffraction patterns of the Sasol-CAT200 sample as a function
calcination temperature. The samples calcined between 300 and 400°C strongly resemble the
characteristic peaks of crystalline boehmite (JCPDS card 04-016-2857).37 The peaks are sharp,
signifying that the boehmite is well-crystallized. By 500°C, these peaks disappear, and
characteristic peaks at 45.7° and 66.8° appear which can be indexed to the cubic unit cell of γ87

alumina (JCPDS card 00-001-1303),38 indicating a transformation from boehmite to γ-Al2O3 has
occurred as a result of dehydration. Between 500 and 800°C, the peak at 2θ ≈ 45.7° corresponding
to the cubic γ-Al2O3 (400) planes progressively splits into two peaks signifying a tetragonal
distortion in the crystal structure is occurring that has been observed in other reports.39 At 900°C,
a new diffraction peak appears at 2θ = 34.5°, and the peak at 2θ = 67° corresponding to the (440)
planes in the γ-Al2O3 structure begins splitting into two peaks (66.4° and 67°) which suggests a
structural change is occurring from the cubic (but arguably tetragonally distorted) γ-Al2O3 to the
tetragonal δ-Al2O3 phase (JCPDS card 00-016-0394).28 By 1000°C, numerous characteristic peaks
from both δ-Al2O3 and the monoclinic θ-Al2O3 phase (JCPDS card 00-035-0121)40 are present;
note the appearance of θ-Al2O3 peaks at 2θ = 31.5°, 44.8°, 47.6 °and 59.9° and more as the
temperature increases. For the sample treated at 1200°C, α-Al2O3 (JCPDS card 04-015-8609)41
characteristic peaks appear at 2θ = 25.5°, 43.3°, 43.3°, and 57.4°, although trace amounts of θAl2O3 remain. The phase transition to α-Al2O3 is complete by 1250°C.
Figure 4.5c shows the diffraction patterns of the Sasol-CATA alumina as a function of
calcination temperature. At 300°C, the pattern matches that of the boehmite crystalline phase
(JCPDS card 01-074-2897).36 The peaks are significantly more broad than in the Sasol-CAT200
sample, however, indicating the boehmite has lower crystallinity, i.e., that the crystalline domains
are smaller and/or not as well ordered. At 400°C, the boehmite peaks are still present but greatly
diminished, and the onset of γ-Al2O3 (JCPDS card 00-048-0367)42 formation can be detected by
the presence of characteristic peaks at 45.7° and 66.6°. Thus a mixture of phases is present until
500°C. Like the boehmite peaks, the γ-Al2O3 peaks are significantly more broad than those in the
Sasol-CAT200 sample, thus as observed in previous studies, lower crystallinity in the boehmite
precursor leads to lower crystallinity of the γ-Al2O3.39 The peak splitting observed between 500
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and 800°C in the (400) peak for the Sasol-CAT200 sample is also not apparent in the Sasol-CATA
sample, though from the XRD data it is impossible to distinguish whether it is absent or merely
obscured by the already broad peaks. For samples heated between 500 and 1000°C, the XRD
patterns do not exhibit abrupt changes but the gradual appearance of more distinct features. Since
the reference patterns for γ-, δ-, and θ- Al2O3 are so similar, it is a challenge to identify the phase(s)
present. Characteristic peaks of θ-Al2O340 along with traces of α-Al2O3 are present after calcination
at 1050°C. At and above 1100°C, α-Al2O3 is the only observed phase.
Inspection of Figures 4.5c and 4.5d reveal that the Sasol-CLOX and St.Gobain aluminas
exhibit similar phase progressions with the Sasol-CLOX sample being slightly more crystalline
(having slightly sharper peaks). The monoclinic θ-Al2O3 phase (JCPDS card 00-035-0121) can be
indexed to both samples calcined between 600 to 950°C, though the diffracted intensity between
2θ = 44° and 48° hints at the presence of δ-Al2O3. Peaks attributed to α-Al2O3 are observed after
calcination at 1000°C for Sasol-CLOX alumina and at 1050°C for St.Gobain alumina. The phase
transition from θ- to α-Al2O3 is complete for both samples by 1150°C.
Figure 4.5a shows the diffraction patterns of the BYU alumina as a function of calcination
temperature. As we discussed in chapter 3, BYU alumina samples calcined between 50 and 300°C
where boehmite (JCPDS card 01-074-2897) is considered to be the predominant phase. Samples
calcined between 400 and 1000°C, characteristic peaks for γ-alumina at 45.6° and 66.8° are
observed. Especially, temperatures between 900 and 1000°C, the peak splitting at around 46° and
presence of new peaks at around 51° and 60° are consistent with an unexpected gamma prime (γʹ)
phase. Between 1050 and 1250°C, comparison with reference patterns shows a mixture of δ
(JCPDS card 01-088-1609) and θ (JCPDS card 01-086-1410) phases. A mix of θ and α phases for
sample calcined between 1200 to 1250°C is observed. Eventually, characteristic peaks for α-Al2O3
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become dominant for the sample treated at 1300°C, confirming complete transformation to αAl2O3.
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Figure 4.5 XRD patterns of (a)BYU alumina, (b) Sasol CAT200, (c) Sasol CATA, (d) Sasol CLOX, and (e) SaintGobain aluminas under different calcination temperatures compared to highly crystalline AlOOH boehmite (ICDD #
01-074-2897 and ICDD # 04-016-2857), cubic-γ (ICDD # 00-001-1303), δ (ICDD # 00-016-0394) and θ (ICDD #
00-035-0121) transitional Al2O3 phases and highly crystalline α- Al2O3 (ICDD # 04-015-8609). The dashed lines
indicate the location of the γ-Al2O3 (400) and (440) peaks for reference, respectively.
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4.3.5

X-ray PDF Analyses
Analysis of total X-ray scattering data via the atomic pair distribution function (PDF) method

is a powerful tool for probing local structures that has been increasingly applied to the study of
nanoparticles and poorly crystallized materials.2,43 In this study, we performed X-ray PDF analyses
on all five alumina samples at every calcination temperature to acquire quantitative information
about both the average and local atomic structures. The X-ray PDF data for all samples at all
calcination temperatures are shown in Figure 4.6. The best fits to the data are overlaid in red on
top of the data, which is shown in black.
To confirm the presence of aluminum hydroxide phase in the BYU-alumina, Sasol-CAT200,
and Sasol-CATA samples, four aluminum hydroxide models (boehmite, bayerite, diaspore, and
gibbsite) were fit to the experimental PDF data of each sample thermally treated at 300°C. The
local structures (r ≤ 8 Å) of the samples with the candidate models are shown in Figure 4.7. For
the Sasol-CAT200 samples calcined at 300 and 400°C, the boehmite model with a = 2.873 Å, b =
12.291 Å, c = 3.707 Å, space group Cmcm (63))74 provided the best fit to the data, exhibiting the
lowest weighted agreement factor Rw (ca. 8.3 %). PDF refinements of the Sasol-CATA and BYU
samples calcined at 300°C also showed the boehmite model to be the best match though with a
slightly different unit cell size (a = 2.868 Å, b = 12.274 Å, c = 3.733 Å).36,44
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Figure 4.6 X-ray PDF data (gray) and corresponding fits (red) of Al2O3 (a) synthesized via the solvent-deficient
method, (b) Sasol-CAT200, (c) Sasol-CATA, (d) Sasol-CLOX,(e) St.Gobain samples calcined at the given
temperatures.
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Figure 4.7 Theoretical pair distribution functions of gibbsite (α-Al(OH)3), diaspore((α-AlO(OH)), bayerite (β-Al(OH)3),
boehmite (γ-AlOOH) and experimental pair distribution functions of BYU, Sasol-CAT200, and Sasol-CATA calcined at 300°C.

The PDF data for the Sasol-CAT200 sample seen in Figure 4.6b show an abrupt transition
from the boehmite phase to the γ-Al2O3 phase between 400-500°C, as anticipated from the powder
XRD data. At 600°C, the cubic γ-Al2O3 (a = b = c = 7.906 Å, space group symmetry Fd-3m (227))
model38 provides the best fit in PDF refinements of both the local structure in the low-r region (r
= 1.2 to 8 Å, Rw ≤ 17.2%) and the average structure in the high-r region (r = 8 to 30 Å, Rw ≤ 18.4
%). Between 700 and 1150°C, subtle changes in the PDF data gradually develop. For example, the
intensity ratios of the doublets centered at r ≈ 4.96 Å, r ≈ 7.2 Å, and r ≈ 18.2 Å slowly reverse.
The second peak in the doublet between r ≈ 9.5-11 Å shifts to lower r, and the peak at r ≈ 17 Å
becomes a doublet. Several new features become visible throughout the pattern with features
beyond r ≈ 12 Å generally becoming sharper and more well defined, indicating that long-range
order is systematically increasing with calcination temperature. These subtle but distinct changes
suggest that one or more of the transitional Al2O3 phases are forming in a slow annealing process
rather than having a distinct mobility threshold temperature.
To determine what transitional phase(s) of alumina are appearing in the Sasol-CAT200
sample, nine transitional alumina phases, including tetragonal δ-,45 monoclinic δ-,46 orthorhombic
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δ-,47 θ-,45 tetragonal γ-,8 cubic γ-,38 η-,21 κ-,48 and γʹ-Al2O3,11 were examined for the sample
calcined at 950°C sample. These fits are shown in Figure 4.8. Using the information from these
fits, several multi-phase fits were attempted for each temperature between 700-1150°C. For the
samples calcined between 700-800°C, the best fit was a two-phase model including the cubic γAl2O3 and tetragonal δ-Al2O3 phases. The tetragonal δ-Al2O3 phase model (a = b = 7.9631, c
=23.3975, space group P41212(92))28 is a threefold unit cell of the starting cubic γ-Al2O3 spinel
structure, which supports the notion of a slow annealing or intergrowth of the cubic gamma phase
into the other transitional alumina phases in this temperature region. The tetragonal δ-Al2O3 phase
also provided the best fit with Rw ≤ 13.9 % for samples calcined from 900 to 950°C in both the
low-r and high-r regions (Figure 4.9(a)). A two-phase model including the tetragonal δ-Al2O3 and
the θ-Al2O3 phases (a =5.62, b = 2.906, c =11.79, space group C2/m (12))40 best fit the PDF data
for the samples calcined above 1000°C. The phase fraction of θ-Al2O3 phase increases as the
temperature rises until the onset of α-Al2O3 formation at 1150°C. Beyond 1200°C, there is a drastic
transition in the PDF patterns to the rhombohedral α-Al2O3 phase (a = b =4.77 Å, c = 13.024 Å,
space group R3� c (167))41 model. In summary, the well-crystallized Sasol-CAT200 boehmite
sample transforms abruptly to cubic γ-Al2O3 then passes through mixtures of the cubic γ-Al2O3,

tetragonal δ-Al2O3, and monoclinic θ-Al2O3 phases before reaching α-Al2O3. The quantitative
phase fractions at each calcination temperature from the PDF refinements are plotted in Figure
4.12(b).
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Figure 4.8 PDF refinements of the 950°C data using the (I) tetragonal δ-Al2O3, (II) monoclinic δ-Al2O3, (III)
orthorhombic δ-Al2O3, (IV) θ-Al2O3, (V) tetragonal γ-Al2O3, (VI) cubic γ-Al2O3, (VII) η-Al2O3, (VIII) κ-Al2O3, and
(IX) γ'-Al2O3 structures. The vertical red line in each graph divides the low-r region (r ≤ 8 Å) from the high-r region
(r ≥ 8 Å). δ-Al2O3 phase fits better in both regions. Difference curves are shown at the bottom of each graph, with Rw
value in parentheses.
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Figure 4.9 Experimental PDFs for aluminas with successive plots overlaid between (a) 500 and (b) 1150°C. The
evolving ratio of the 2nd and 3rd peaks provide evidence of a broad transition from metastable γ- to δ/θ-Al2O3
phase.

The PDF data for the Sasol-CATA sample in Figure 4.6c shows that the boehmite phase
present at 300°C transforms somewhat more gradually into γ-Al2O3 between 300 to 500°C, as
foreshadowed by the powder XRD patterns. Of note is that the local structures of the boehmite and
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gamma phases are quite similar. The similar features in the local structures of the two phases are
highlighted in Figure 4.10. For both phases, the first peak (r ≈ 1.89 Å) in the PDF profile represents
nearest-neighbor Al-O distances, the second peak (r ≈ 2.86 Å) represents a combination of the
nearest-neighbor O-O and Al-Al distances, and the third peak (r ≈ 3.42 Å) represents the thirdnearest-neighbor Al-O distances.2 The similarity of the two local structures is interesting in light
of the nearly ubiquitous observation that the crystallinity of the boehmite precursor is reflected in
the crystallinity of the gamma phase. Taken together, these two observations suggest that the
primary change occurring during the phase transition from boehmite to gamma is simply the
dehydration and collapse of the hydroxyl layers in boehmite and that very little change is occurring
in the Al-O environments within the layers. This supports the topological phase transition
described by Paglia et al.9 wherein the primary defects in the gamma phase are introduced as the
boehmite layers collapse.

γ-Al2O3
(cubic)

Boehmite

Figure 4.10 Pair distribution functions of Sasol-CATA samples heated between 300-500°C in the low-r region (1.2
≤ r ≤ 8 Å).

As with the Sasol-CAT200, the Sasol-CATA samples calcined from 500 to 800°C manifest
the γ-Al2O3 phase. However, in the Sasol-CATA samples, it is the tetragonal γ-Al2O3 (a = b =
5.652, c =7.871, space group I41/amd (141))8 model that provides the best fit to the local structure
in the low-r region (Rw ≤ 17.2%) and the average structure in the high-r region (Rw ≤ 17.9 %). For
the samples calcined between 900 and 1000°C, PDF refinements confirm the intergrowth of the γ97

, δ-45 and θ-Al2O3 phases. The PDF refinement of the sample calcined at 1050°C shows the
intergrowth of the δ-, θ-, and α-Al2O3 phases. Between 1050 and 1150°C, a drastic transition to
the α-Al2O3 (a = b =4.754 Å, c = 12.990 Å, space group R3� c (167)) phase49 is apparent. The

quantitative phase fractions at each calcination temperature from the PDF refinements are plotted
in Figure 4.13(b).
PDF data and refinements for the Sasol-CLOX and St.Gobain samples are shown in Figures
4.6d and 4.6e. For the samples calcined from 600 to 1000°C, a dual-phase model based on an
intergrowth of monoclinic θ-Al2O3 (a = 5.620 Å, b = 2.906 Å, c = 11.790 Å, space group symmetry
A2/m (12))40 and tetragonal δ-Al2O328 offers the best fit to both the local structure in the low-r

region (Rw ≤ 12%) and the average structure in the full-r region (Rw ≤ 23%) for both materials.
This result was somewhat surprising because we expected these samples to be similar to the other
two Sasol samples and also because both samples are marketed primarily as γ-Al2O3. For both
samples, mixtures of the tetragonal δ-, monoclinic θ-, and α-Al2O3 phases are observed before the
transition to the α-Al2O3 phase is complete at 1150°C. However, the onset of the α-Al2O3 phase
occurs at 1000°C for the Sasol-CLOX sample and at 1050°C for the St.Gobain sample, consistent
with observations from the XRD patterns. In Figure 4.6(d) and (e), between 1050 and 1100°C, the
PDF peaks of the θ-Al2O3 intergrowth phase changed gradually with the formation of the α-Al2O3
stable phase. The quantitative phase fractions at each calcination temperature from the PDF
refinements are plotted in Figure 4.13(b). PDF analysis of the phase evolution for BYU alumina
has been discussed in chapter 3 section 3.3, and will not be repeated here.
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4.4

4.4.1

Discussion

Effect of Crystal Size/Shape and Crystalline Phase on Pore Structures
As the N2 adsorption results show in section 3.2, significant differences in pore volume and

pore size distribution are observed with variations in the alumina starting materials. These different
pore structures are perhaps to be expected given the different morphologies of the calcined samples
visible in the TEM images.
The largest and most defined crystallites (rhombic or hexagonal platelets) are observed for
the Sasol-CAT200 sample, as seen in the TEM images in Figure1-2(a-b). While it exhibited the
largest pore diameter (dpore ≈ 55 nm), this sample afforded the lowest surface area and adsorption
capacity compared with the other samples. To help rationalize how this could be so, we have used
the TEM image to diagram an agglomerate of these plates as viewed from both the top and the
side. The average dimensions of the plates are given along with the anticipated crystal faces
discussed next.
Boehmite crystallites are often expected to exhibit two main surface types50 as depicted in
Figure 4.11: the basal (010) surface resulting from the cleavage of hydrogen bonds between the
boehmite layers and the (100), (001), (101) surfaces that are the lateral faces resulting from the
breakage of the ionic-covalent Al-O bonds. The slab-like structure and distribution of different
surface planes in boehmite are largely attributed to surface energy forces.50 The surface energy of
the (010) basal plane in boehmite is the lowest of the relevant surface planes. As a consequence,
the total surface area of the basal (010) plane is preferentially expanded in well-crystallized
boehmite. This is confirmed by the increased XRD pattern intensity of the (020) reflection centered
at 2θ =15° in the patterns of the well-crystallized boehmite (Figure 4.5b) compared to the less
crystalline boehmite Figure 4.5a. The (101) faceted plane has the highest surface energy. Because
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bonds/interactions are most likely to form between surface planes of highest energy, the (101)
planes at the slab corners are most likely to adsorb solvent molecules or form bonds to other highenergy surfaces to reduce its surface energy as boehmite crystallites agglomerate. This explains
why the boehmite plates seen in the Sasol-CAT200 sample tend to stack laterally, or in other
words, to lay side-by-side in tight and essentially two-dimensional layers. This also explains why
the pore volume is so large while the surface area and adsorption capacity are low; the prime
adsorption sites lie between the crystallites lying side-by-side. Comparatively large gaps exist
between the well-crystallized plates, corresponding to the large pore diameter. At the same time,
however, because most adsorption occurs at crystallite edges and not faces, relatively small
amounts of exposed surface (edges of particles) are accessible in these gaps, leading to the small
surface areas and adsorption capacities.
(010) b

(110) γ
Calcination

(100) γ

(001)b
(100) b

(110) γ

(101) b

(111) γ
γ-Al2O3

boehmite

Figure 4.11 Schematic representation of (a) a boehmite nanoparticle exhibiting usual experimentally observed
crystalline surfaces and (b) resulting γ-alumina.

After calcination at higher temperatures, the morphology of Sasol-CATA200 γ-alumina is
similar to that of boehmite. The basal planes are evident, each with a length of ca. 30 nm and a
width of ca. 20 nm. These correspond to the (110) plane of γ-Al2O3 which originated from the
(010) basal plane of boehmite and thus has a similar surface energy (the structures have different
indexing due to the different conventional unit cells employed,51 as illustrated in Figure 4.11). The

100

large γ-Al2O3 plates similarly lead to the largest pore diameters and lowest adsorption capacities
until sintering.
Both the Sasol-CLOX and St.Gobain have similar XRD patterns and morphology in which
interconnected medium-sized plate particles (with length ca 20 nm and thickness ca 4-5 nm) make
up the three-dimensional porous structure. The primary difference is in how tightly the
agglomerated nanoparticles pack; the crystallites in St.Gobain are more loosely packed whereas
the agglomerated crystallites in Sasol-CLOX are more closely packed. This difference means that
the crystallite edges are more accessible in the St.Gobain sample, and thus it has the larger surface
area, pore volume, and pore diameter as compared to Sasol-CLOX.
The Sasol-CATA crystallites have much smaller sizes (2-5 nm diameters) compared to the
other three samples already discussed. The small nanorods of the Sasol-CATA sample seem to
aggregate more randomly to satisfy the characteristically high surface energies of small
nanoparticles,52 forming the agglomerates seen in Figure 4.1-3(b). This is consistent with our
previous findings for alumina synthesized using our inorganic route.2 Agglomerates of smaller
crystallites seem to have higher surface areas because the surfaces are more randomly oriented and
more of the surfaces are able to provide adsorption sites. At high temperature, the primary Al2O3
particles derived from Sasol-CATA boehmite grow to 5-10 nm bricks and become more closely
packed, causing the surface area and pore volume decrease steadily with increasing temperature.
The BYU boehmite consists of agglomerated plates roughly 30 nm in length but with
irregular shapes, as depicted in Figure 4.12(a). Given the absence of a surfactant additive in our
synthesis, we suspect that the byproduct alcohols may act as a surfactant or structure-directing
agent, similar to that reported in alumina syntheses using ionic liquids.53 Then, during the early
stage calcination of the BYU precursor, evaporation of the alcohol and loosely physically adsorbed
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water molecules seems to induce a disordered three-dimensional (3D) stacking in the boehmite
particles that is depicted in Figure 4.9a, similar to the materials obtained via an evaporationinduced self-assembly mechanism.54-55 Slab-like crystallites of BYU alumina, about 8-10 nm thick
and 20-30 nm long, stack randomly, resulting in a scaffold-like structure with low contact area
between plates. The resulting worm-like intercrystalline voids may explain the significantly larger
surface area, pore volume, and adsorption capacity of the BYU-alumina sample.
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Figure 4.12 Most representative (a) Sasol-CAT200 and (b) BYU boehmite crystallite morphologies as determined
via TEM images, pore structure models (top and side views), and their corresponding isotherm linear plots.

Comparison of the TEM micrographs (Figure 4.1) between the BYU-alumina boehmite and
the corresponding calcined alumina samples shows that the morphology of the boehmite is
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preserved after calcination, supporting the topotactic transformation from boehmite to γ-alumina
described earlier. Thermal treatment of the BYU-alumina sample led to an increase of the
crystallite thickness and a more clearly defined edge without significantly changing the shape and
size (Figures 4.1-2 (b)). This is perhaps why the porosity characteristics did not change appreciably
with temperature until the change to the alpha phase.

4.4.2

Effect of Morphology on Phase Evolution
As Figure 4.13 summarizes, our comparison of all five types of aluminas, including BYU

alumina, Sasol-CAT200, Sasol-CATA, Sasol-CLOX, and St. Gobain, confirms that crystallites
morphology greatly impacts the phase evolution of the alumina product. Previous studies have
often attributed this to the crystallinity of the initial boehmite (or another aluminum hydroxide)
phase(s).2,15 However, seen together, the TEM, BET, TG/DTA, XRD, and X-ray PDF
characterizations presented in the current study suggest that the phase transformations of γ-Al2O3
and the other transitional aluminas are strongly affected by not only the elementary crystalline
structure of the starting materials but also by their secondary morphologies.
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Figure 4.13. (a) Phase progression of all five series the Al2O3 nanoparticles detected via XRD method. (b) Phase
progression of the Al2O3 nanoparticles synthesized via the solvent deficient method. Phase fractions from the PDF
analyses of a mixture of the boehmite (pink), γ-Al2O3(orange), δ-Al2O3(green), θ-Al2O3(blue), and α-Al2O3(black)
phases as a function of calcination temperature for all four series commercial samples: (i)Sasol-CAT200, (ii)SasolCATA, (iii)Sasol-CATLOX, (iv) St.Gobain.
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The crystallinity of the starting materials for the four commercial samples investigated in
this study can be ranked as follows: Sasol-CAT200 > St.Gobain > Sasol -CATLOX > SasolCATA, which is the same as the order of their thermal stability. Up to temperatures as high as
1200 (Sosal-CAT200), 1150 (Sasol CLOX and St.Gobain) and 1100°C (Sasol-CATA), metastable
to stable phase (alpha) transformation occurs, causing drastic changes in the pore structure and
surface area reduction of all aluminas. Large platelet-shaped Sasol-CAT200 boehmite and small
rod-shaped Sasol-CATA boehmite transformed into different phases. platelet-shaped SasolCAT200 boehmite transformed to cubic γ-Al2O3, while rod-shaped Sasol-CATA boehmite phase
transformed preferentially to tetragonal γ-Al2O3. Interestingly, for Sasol-CLOX and St.Gobain
samples, despite the similarity in initial XRD patterns, their morphologies differ. The
agglomerated nanoparticles in St.Gobain are loosely packed thin nanoplates, whereas, the
agglomerated nanoparticles in Sosal-CATLOX are closely packed smaller thick plate-like
particles. Although, transformation to α-Al2O3 phase completed at 1150°C for both samples, the
St.Gobain sample has larger delta phase fraction from 600-1000°C and less amount of α-Al2O3
phase from 1050-1100°C than that of Sosal-CATLOX.
These results suggest that the phase transformation of γ-Al2O3 is strongly affected by not
only the elementary crystalline structure of the starting materials, but also by their secondary
morphologies. The mesostructured BYU aluminas are stable at a temperature as high as 1250°C,
which is due to larger voids created by random 3-D stacked alumina plates. Such morphology
possesses fewer contact points available for neck formation, which retards diffusion controlled
reaction that leads to grain growth followed by transformation to α-Al2O3 phase. The typical
morphological features in the solvent deficient method derived boehmite precursor is found to be
responsible for high thermal stability when compared with the commercial boehmite samples.
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Therefore, BYU sample could retain a larger BET surface area above 99 m2/g, after being heated
to 1100°C.
The thermal gravimetric analysis provides insights into the phase transformation of boehmite
with different morphologies. In the DTA curve, the intensity of the second peak at intermediate
temperatures between 300-500°C decreases in the order: Sasol-CAT200 > Sasol-CATA > BYU
boehmite, the corresponding weight loss increases contrariwise at same temperature range due to
the removal of the relatively strongly bonded interlayer or surface water. This behavior may be
attributed to lower water content at the terminus of chains or on the surfaces of highly polymerized
boehmite crystallites, such as Sasol-CAT200 and Sasol-CATA, which is consistent with the
observation by Baker et al.56 While BYU boehmite sample showed the lowest intensity of the
second peak, which is explained by the random 3-D stacking of irregular plate-like BYU boehmite
crystallites tend to preserve higher water content at the terminus of chains or on the surfaces.14,57
Finally, the exothermic peak between 1100 and 1300°C, indicates a significant lattice change from
the metastable transitional phases to the thermodynamically stable α-Al2O3 phase, as confirmed
by the XRD (Figure 4.5) results discussed presently. The broad peak in the DTA curve for BYU
alumina at around 1100-1200°C is not associated with any exothermic peak. Whereas exothermic
peaks are observed at 1181°C for Sasol-CAT200, 1146°C for Sasol-CATA, 1181°C for SasolCLOX, and at 1146°C for St.Gobain alumina. Such exothermic peak should be a sign of crystal
structure reconstruction or collapse of the 3D stacking. Therefore, compared with other
commercial aluminas, BYU aluminas exhibits the highest thermal stability.

4.5

Conclusions
In summary, the present investigation compared the structural evolution of alumina derived

from the solvent deficient method to the most widely used commercial alumina samples including
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Sasol’s CATAPAL-A, CATAPAL 200 boehmite, CATALOX SBa-90, and St. Gobain alumina.
The textural properties (namely surface area, pore size distribution and pore volume) are functions
of the size, shape and aggregation state of primary particles. It is found that not only the primary
morphology (primary crystallite size and crystallinity), but also the secondary morphology
(crystallites agglomeration and assembly), has a considerable impact in alumina’s thermal stability
and related properties such as pore properties and crystal phase. These phase progressions and
structure-property relationship illustrated in this work on transition aluminas should also apply to
other nanometric oxide powders which are often metastable and incur a phase transformation on
sintering.
In addition, it should be emphasized that BYU alumina synthesized by the solvent deficient
method has the highest surface area (up to 437 m2/g) and pore volume (up to 1.6 cm3/g), tunable
pore size (4-22 nm), and most importantly, the highest thermal stability, as compared to
commercial samples. Therefore, BYU alumina offer promises for improvements in a number of
catalytic applications, including automotive emission control catalysts, Fluid catalytic cracking
(FCC) catalysts and Fischer-Tropsch synthesis.58-59
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5

DOPANT LOCATION IN SILICA-DOPED ALUMINAS SYNTHESIZED VIA SOLVENT
DEFICIENT METHOD

5.1

Introduction
This chapter reports the effects of different concentrations of SiO2 dopants [5, 15, and 27 wt.%] on

the phase transition and structural geometry of alumina. In light of the importance of silica-doped alumina
and the challenges associated with the analysis of substituent species in crystalline Al2O3 materials, four
possible locations were initially proposed for the silica-dopants, and experimental efforts have been made
to determine the most chemically reasonable location. A suite of structural probes tested the hypothesis
that the local structure and positioning of silica atoms could significantly influence the structural transition
and phase composition of doped alumina due to their interactions with the Al2O3 host lattice. Transmission
electron microscopy (TEM), N2 adsorption, thermogravimetry/differential thermal analysis (TG/DTA),
X-ray diffraction (XRD), and atomic pair distribution function (PDF) analysis of high-resolution
synchrotron X-ray diffraction were used to examine the silica-dopant effect on Al2O3 phase composition.
The structural characteristics and phase evolution of silica-doped Al2O3 were further confirmed through
solid-state NMR. A wide range of different techniques were employed to enable a detailed understanding
of the local structure of SiO2 dopants in Al2O3 and provide critical insight into the rational design of
alumina materials.
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5.2

5.2.1

Experimental Section

Materials
Aluminum isopropoxide (AIP, (C9H21O3Al), granular, 98+ %) and tetraethyl orthosilicate (TEOS,

(Si(OC2H5)4)), liquid, 99.9 %) were purchased from Alfa-Aeser. Commercial 5 wt % silica-doped alumina
(Siral5) was purchased from Sasol for comparison.

5.2.2

Sample Preparation
A range of silica-doped aluminas was systemically prepared via a patented solvent deficient

method.1-2 First, water and aluminum isopropoxide (AIP) were mixed at a 5:1 molar ratio, and water and
5 wt% silica from tetraethyl orthosilicate (TEOS) were added at a 2:1 mole ratio. These starting materials
were then mixed together for 30 min with a Bosch Universal Mixer at 300 RPM to form a slurry-like
precursor. The precursor(Al(OH)3) was dried for 2 h in air at 200°C using a Lindberg/Blue M furnace
(Thermo Fisher Scientific Inc.), and the dried precursor was split into 20 portions of roughly 8.0 g each.
Using the Lindberg oven, samples were calcined at 50°C increments between 50 and 1300°C by heating
them in air at a 3 °C/min to their respective set temperatures and then holding this temperature for 2 h
before cooling to room temperature. During the calcination, the precursor decomposes, forming water and
crystalline transitional Al2O3 at high temperatures, while all other byproducts are released as gases. Pure
alumina,3 samples with 15 and 27 wt% of silica, and thermal treated Siral5 were prepared for comparison
(Table 5.1).
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Table 5.1 Name codes list for all samples in this chapter.
Name code
PA
5SDA

Manufacturer
BYU
BYU

Main components / Mass %
pure alumina
5 wt % silica-doped alumina

Starting material
AIP+ DI water
AIP+ DI water +TEOS

Calcination temperature range
50-1300°C
50-1300°C

15SDA

BYU

15 wt % silica-doped alumina

AIP+ DI water +TEOS

50-1300°C

27SDA
BYU
27 wt % silica-doped alumina
AIP+ DI water +TEOS
50-1300°C
Siral5a
Sasol Company
5 wt % silica-doped alumina
600-1300
a) Siral5: commercially available 5 wt % silica doped alumina from Sasol. It is nominally similar to the BYU 5 wt % silica doped alumina.

5.3

5.3.1

Characterization Methods

TEM Imaging
Transmission electron microscope (TEM) images of the alumina nanoparticles were obtained with

an FEI Philips Technai F20 Analytical TEM operating at a voltage of 200 kV. Specimens were prepared
by thoroughly grinding and dispersing the powdered aluminas in ethanol, placing a drop of the very dilute
solution on a Formvar/carbon film mounted on a 200 mesh copper grid (Ted-Pella Inc.), and allowing the
ethanol to evaporate. Images were recorded in standard high-resolution mode.

5.3.2

BET and BJH Analyses
The Brunauer-Emmett-Teller (BET) specific surface area and Barrett-Joyner-Halenda (BJH) pore

size of each Al2O3 sample were determined from nitrogen adsorption at 77 K using a Micromeritics TriStar
II instrument. For these measurements, about 200 to 300 mg of each dried powder was placed in a sample
holder and dried at 200°C for approximately 24 h to remove physically adsorbed moisture. For the samples
calcined at temperatures below 200 °C, the calcination temperature was used as the drying temperature.
Then the samples were cooled to room temperature before data were collected at 77 K.
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5.3.3

TG/DTA Analyses
Thermogravimetric and differential thermal analyses (TG/DTA) were performed using a NETZSCH

STA 409PC instrument (NETZSCH, Germany). Roughly 30 mg of each type of alumina were loaded into
a platinum crucible and heated at a rate of 3°C/min from 25 to 1300°C under a 20 mL/min He gas flow
atmosphere.

5.3.4

Powder XRD Measurements
Preliminary powder X-ray diffraction (XRD) data were collected using a PANalytical XʹPert Pro

diffractometer with a Cu source and a Ge-111 monochromator that provides Cu-Kα1 (λ = 1.5406 Å)
radiation at 45 kV and 40 mA. Data were collected in the range of 2θ between 10 to 90° with a step size
0.0167° at a rate of 0.011°s-1.

5.3.5

X-ray PDF Analyses
X-ray atomic pair distribution function (PDF) experimental data were collected at the 11 ID-B

beamline of the Advanced Photon Source (APS)4 at Argonne National Laboratory using synchrotron
radiation of energy 58.66 keV (λ = 0.2128 Å). For each sample, 10 mg of powder was loaded into a 1.0
mm inner-diameter polyimide (Kapton) capillary, and 2-D images of the diffraction data were collected
out to a maximum value of Q = 29.5 Å-1 under ambient conditions using a Perkin-Elmer area detector.
The Fit2D software package5 was used to integrate the 2D ring patterns into 1D powder diffraction
patterns. The PDFgetX2 software package6 was used to extract G(r), the experimental PDF, using a
maximum value of Q = 26.5 Å-1 in the Fourier transform7. Numerous periodic structural models for each
sample were generated based on previously published alumina phases, as discussed in the following
paragraph. The PDFgui program8 was then used to refine each model by performing least squares
minimizations between the experimental PDF and the PDF calculated from the model.
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Once the most likely phases involved in the phase progression of each sample were identified,
refinements were performed using both a single phase model as well as models including mixtures of
phases for each type of alumina at each calcination temperature. Since the unit cell dimensions of most
phases are within 8 Å, for each phase or combination of phases, we optimized the fit for three different
regions of the experimental PDF: the low-r region (r ≤ 8Å), the high-r region (8 ≤ r ≤ 30Å), and the full-r
region (1.2~30 Å). The high-r region probes the intermediate and average structure, while the low-r region
corresponds to the local structure.

5.4

5.4.1

Results and Discussion

Transmission Electron Microscopy
The high magnification TEM micrographs in Figure 5.1 reveal the morphologies of the 5SDA

calcined at 1150 and 1300°C, as well as that of siral5 aluminas calcined at 1150°C. In all samples,
individual crystallites form larger agglomerates, but the shapes of the individual crystallites and how they
agglomerate differ between samples. The TEM image of BYU 5SDA calcined at 1150°C in Figure 5.1a
reveals a similar morphology to the agglomeration present in the pure Al2O3 samples produced by the
solvent-deficient method. Three-dimensional scaffold structures9 remain for 5SDA, which are formed by
the overlapping of the irregular plates with a lateral size of roughly 30 nm × 20 nm and a thickness of 8
nm. At higher magnification (in Figure 5.1b), these plates consist of smaller 3-5 nm platelets. For samples
calcined at 1300°C, the internal morphology changes to more well defined rhombic or hexagonal
microcrystal slabs with clear lattice fringes, as shown in Figure 5.1 (c-d). It is noteworthy that while no
pore is collapsing or bulk alumina particles with sizes larger than 100 nm are observed for 5SDA at
1300°C, pure alumina with the same water to aluminum ratio sinters to 𝛼𝛼-Al2O3 at the same temperature,
suggesting that the silica dopants stabilize the alumina pore structure.
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In contrast, Siral5 (commercial 5 wt % silica-doped Al2O3) crystallites calcined at 1150°C exhibit
the coexistence of two different Al2O3 crystallites morphologies: (1) platelets with the length of ca. 20 nm
and the thickness of approximately10 nm and (2) single crystal crystallites larger than 100 nm in size,
shown in Figure 5.1e. TEM analysis provides rough estimates of phases and phase populations, which
align well with the high-resolution X-ray diffraction analysis (described below in a later section). The
HRTEM image in Figure 5.1 g shows the agglomerated nanoparticles in Siral5 have a less defined shape
than that of 5SDA calcined at the same temperature. The difference in sample morphologies between
commercial and solvent-deficient derived 5SDA is likely due to variations in the synthetic procedures
employed in their preparation.

20nm

(a)5SDA-1150°C

5nm

(b)5SDA-1150°C

20 nm

5nm

(d)5SDA-1300°C

20nm

(e)Siral5-1150°C

5nm

(c)5SDA-1300°C

(f)Siral5-1150°C

Figure 5.1 TEM images of different silica-doped alumina samples: (a) BYU 5SDA calcined at 1150°C at low magnification
(b) at high magnification, (c) BYU 5SDA calcined at 1300°C at low magnification (d) at high magnification, (e) Sirl5
calcined at 1150°C at low magnification (f) at high magnification.
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5.4.2

Nitrogen Adsorption
The nitrogen adsorption-desorption isotherms and pore size distributions of BYU 5, 15, and 27 wt

% silica doped aluminas as well as Siral5 samples calcined at 700°C shown in Figure 5.2 reveal Type IV
isotherms, suggesting the presence of mesopores10-11 in all silica-doped aluminas. The hysteresis loops of
all samples indicate a combination of H1 and H3, indicating that they have slit-shaped pores and/or platelike particles.11-12 Compared with pure alumina, silica-doped Al2O3 shows significantly different porosity
characteristics; its surface area, pore volume, pore size, and adsorption capacities as listed in Table 5.2.
The most significant differences are observed with 5SDA, for which the adsorption capacity reaches
approximately 1512 cm3/g, it has the largest surface area (445 m2/g) and the pore volume (2.29 cm3/g)
almost quadruple those of the Siral5 sample calcined at the same temperature (700°C). By increasing the
SiO2 doping level to 15 and 27 wt.% increased the pore diameters but the decreased surface area, pore
volume and adsorption capacity (Table 5.2).
(a)
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Figure 5.2 (a) N2 adsorption/desorption isotherms and (b) pore size distribution of pure alumina and their modifications with
silica samples calcined at 700°C.
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Table 5.2 Structural parameters of different Al2O3 samples calcined at 700°C in air for 2 ha
BET surface area
Mesopores volume
Pore diameter
Adsorption capacity
(m2/g)b
(cm3/g)c
(nm)d
(cm³/g STP)
1001
Pure-Alumina
341
1.55
12.4
1512
5SDA
445
2.29
18.4 and 61.7
968
15SDA
222
1.50
30.0 and 60.3
628
27SDA
142
0.97
58.9
401
Siral5
288
0.63
9.3
a. Data are average values of several runs
b. BET surface area determined by N2 adsorption at 77 K, calculated BET equation using P/P0 ranges form 0.01-0.20
c. Pore volume obtained from single point method at P/P0 = 0.990
d. Mean pore width and standard deviation obtained from slit pore geometry model using desorption branch
Sample

Figure 5.3 illustrates the surface area (SA), pore volume (PV) and average pore diameter (APD)13
of BYU pure, 5, 15, 27 wt % silica doped aluminas and Siral5 samples calcined at different temperatures.
For surface area (SA), a remarkable improvement is observed by the addition of silica; the surface areas
are in the range of 100-183 and 48-128 m2/g for 1100 and 1200°C calcinations, respectively. These surface
areas are larger than those of the pure alumina counterparts (99.1 and 38.9 m2/g respectively), depicted in
Figure 5.3a. 5SDA showed the largest surface area (80.5 m2/g) up to 1300°C, indicating the highest
thermal stability compared with the other aluminas. Similarly, the PVs of pure aluminas are 0.63 and 0.24
cm3/g for 1100 and 1200°C calcinations, respectively. The PV of SDAs increase in the range of 0.68-1.1
and 0.35-0.66 cm3/g under 1100 and 1200°C calcinations, respectively, as detailed in Figure 5.3b, whereas
PVs of Siral5 for 1100 and 1200°C calcinations are even smaller than those of pure alumina produced by
the solvent deficient method. Figure 5.3c depicts the consistency of quantity adsorption capacity with pore
volume. Additionally, 5SDA has a bimodal pore size distribution and larger adsorption ability compared
with other aluminas, as shown in Figure 5.3d. A steep drop in the pore diameter due to the destruction of
pores in the structures is seen at 1250°C for pure alumina, whereas a similar drop is observed at 1300°C
for the aluminas with 15 and 27 wt.% silica as well as Siral5, illustrated in Figure 5.3c. For the aluminas
with 5 wt.% silica, this drop was seen at 1400°C,1 indicating that the temperature at which the pores
collapse has increased.
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Figure 5.3 The BET characterization of four series silica-doped alumina samples. (a) BET surface area (b) BJH pore volume,
(c) quantity adsorption capacity, (d) BJH average pore diameter as a function of calcination temperature for samples from 5,
15, 27 wt. % SDA and Siral5 alumina under the same calcination conditions in air.

5.4.3

Thermal Behavior
The thermal behaviors of BYU pure alumina (PA) and 5, 15, 27 wt % silica-doped alumina samples

calcined at 300°C are illustrated by TGA (thermogravimetric analysis), DTG (derivative
thermogravimetric), and differential thermal analysis (DTA) curves as depicted in Figure 5.4a-b. The TGA
shows a total weight loss of about 28% for PA, 30% for 5SDA, 36% for 15SDA, and 31% for 27SDA
(Figure 5.4a). Thermal analysis (TG and DTG) of pure alumina and 5SDA showed three distinct steps,
whereas TG/DTG curves of 15SDA and 27SDA illustrated two stages of weight loss.
The first stage of weight loss observed for all samples between 25 and 200°C may be attributed to
the removal of physically adsorbed water and/or alcohol molecules, as evidenced by the first endothermic
peak in the same temperature range (Figure 5.4b), consistent with results by Huang et al.14-15 The second
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major mass changes for the pure alumina (BYU-PA) and 5SDA samples, corresponding with the second
endothermic peak between 300 and 500°C, is likely due to dehydration during the topological phase
transition from boehmite to gamma phase. The transition temperature from boehmite into γ-Al2O3 depends
on crystallite size and the interlayer hydrogen bond strength.16 The boehmite 5SDA with larger crystals
sample transformed into γ-Al2O3 in the region of 500-600°C. After 500°C, a very minor decrease in mass
is observed up to ca. 850°C, which may be attributed to the crystallization of transition alumina and/or the
decomposition of residual organics and further continuation of the dehydration process.
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Figure 5.4 (a) Thermogravimetric analysis (TGA), (b) derivative thermogravimetric (DTG), and (c) differential thermal
analysis (DTA) curves for 300°C calcined BYU-PA (red), 5SDA (blue), 15SDA (green), and 27SDA (purple) samples
heated at 3 °C/ min from 25 to 1300°C under Argon. In the inset, positive DTA values represent exothermic events.

At a higher calcination temperature range between 900 to 1300°C, the DTA curve of pure alumina
exhibit two exothermic peaks indicating (i) γ-Al2O3 phase reconstruction at 1020°C and (ii) sintering ca.
around 1250°C, as confirmed by the BET and XRD results. The bump peaks centered at approximately
1000 and 1100°C in the DTA curve of 5SDA are due to the γ-Al2O3 phase transition. No peak is observed
above 1200°C in the DTA curve of 5SDA, revealing the improved thermal stability achieved by
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introducing silica dopants (Figure 5.4c). By increasing the doping level to 15 and 27 wt.%, the exothermic
peaks, centered at 950 and 1000°C respectively, are detected in the range characteristic of thermal
decomposition of hydroxide compounds and crystallization of gamma phase. For both samples, the second
exothermic peaks centered at 1200°C indicate another phase transition to the mullite phase, as proved by
the XRD data depicted in Figure 5.5 (shown in a later section).

5.4.4

Powder X-ray Diffraction (XRD) Measurements
Crystalline phase changes of the SDA samples produced by the solvent-deficient method and Siral5

samples were calcined as a function of temperature, and their XRD patterns are shown in Figure 5.5(a-e).
Compared with those of the pure alumina, the XRD patterns of 5SDA calcined between 50-500°C match
a boehmite pattern (JCPDS card 01-074-2897)17 and show a temperature delay of 200°C for boehmite
dehydration to gamma phase formation by the incorporation of silica dopants (Figure 5.5(a)). Tetragonal
γ-Al2O3 phase (04-0115-7830)18 is observed at 600°C, with increased peak sharpening at 950°C. At
1000°C, a new diffraction peak appears at 2θ = 32.8°, and the peak at 2θ = 67° corresponding to the (440)
planes in the γ-Al2O3 structure begins splitting into two peaks (66.8° and 67.2°), suggesting a structural
change from γ-Al2O3 to the tetragonal δ-Al2O3 phase (JCPDS card 00-046-1131).19 The peaks become
narrower as calcination temperature increases up to 1300°C. No characteristic peaks of α-Al2O3 or mullite
are observed up to 1300°C, indicating that the metastable transitional γ-δ phases are still predominant at
such high temperatures.
Significant changes in XRD patterns are observed by further increasing the silica dopant
concentration to 15 and 27 wt. %. Inspection of Figures 5.5c and 5.5d reveals that the 15SDA and 27SDA
aluminas exhibit similar phase progressions, where the 15SDA sample is more crystalline (having sharper
peaks). For both samples (15SDA and 27SDA) calcined at temperatures between 50 and 800°C, XRD
patterns contain extremely broad humps, indicating an intrinsic disorder in the structures and small
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crystallite size. From 900 to 1000°C, the characteristic peaks at 45.7° and 66.8° of a γ-Al2O3 phase (JCPDS
card 00-029-0063)20 are observed. For samples calcined between 1050 and 1250°C, a monoclinic θ-Al2O3
phase (JCPDS card 00-035-0121)21 can be indexed to both samples. It should be noted that θ-Al2O3 peaks
at 2θ = 31.5°, 44.8°, 47.6 °and 59.9° became more pronounced with increased temperature, suggesting an
increased θ-Al2O3 phase fraction. Peaks attributed to mullite, Al2.826Si0.174O4.588 (aluminum silicon oxide)
(JCPDS card 01-084-1205),22 are observed after calcination at 1200°C for 15SDA and at 1250°C for
27SDA. Mullite formation is more dominant for 27SDA than for 15SDA, as suggested by peak intensities.
As shown in Figure 5.5c-d, XRD patterns of 15SDA and 27SDA exhibit similar phase transformations
from 50 to 1300°C, where the samples go from amorphous→ γ-Al2O3 → θ-Al2O3 → mullite and this
transformation is not complete by 1300 °C.
In the commercial 5% silica doped alumina Siral5 [Figure 5.5(d)], the material calcined between
600 and 950°C strongly resembles a cubic γ-alumina (JCPDS card 01-079-1558).23 Upon thermal
treatment at 1000°C, new diffraction peaks (2θ = 34.5° and 66.4°) and the splitting of the major peak (2θ
= 67°) into two peaks (66.4° and 67°) are observed, consistent with the formation of a tetragonal δ-Al2O3
phase (JCPDS card 00-056-1186).24 Characteristic θ-Al2O3 (JCPDS card 00-035-0121)21 peaks at 2θ =
31.5°, 32.8°, 44.8°, 47.6 °and 59.9° are inconspicuous, as its diffraction peaks can be very subtle and
easily masked by δ-Al2O3 during the reconstruction of the gamma phase between 1000-1300°C. At
1100°C, trace α-Al2O3 (JCPDS card 01-074-1081)25 peaks were also detected at 2θ = 25.6°, 35.2°, 43.4°,
52.6° and 57.5 °, suggesting the onset of α-Al2O3 phase formation. With further elevated temperature, the
phase fraction of α-Al2O3 increases, explaining the decrease in surface area to 44 m2/g resulting from pore
collapse at 1300°C.
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Figure 5.5 X-ray diffraction patterns showing phase changes in (a) 5 % SDA, (b) 15 % SDA, (c) 27 % SDA, and (d) Siral5
calcined for 2h at different temperatures. Standards include boehmite, gamma alumina, delta alumina, theta alumina, alpha
alumina, and mullite.

127

5.4.5

Previous Solid-state NMR Measurements
To understand the location of the silica dopants and structural changes developed in Al2O3, 5, 15,

and 27 wt.% silica-doped Al2O3 calcined at 700, 1100 and 1200°C, samples of each were characterized
using 1D

27

Al Magic Angle Spinning (MAS) ss-NMR (Figure 5.6).1 All Aluminum coordination

concentrations are listed in Table 5.2. The

27

Al chemical shift depends strongly on the number of

coordinating oxygens26. Generally, Al3+ for α-Al2O3 phase was distributed on octahedral sites and
represented by a single peak at ~ 10 ppm, indicating the hexagonal packing of oxygen anions
environment.1 The γ-Al2O3 phase, on the other hand, was represented by tetragonal arrangements of
oxygen and distribution of Al cations in tetrahedral and octahedral sites. This arrangement led to three
distinct, inhomogeneously broadened peaks at ~58, ~33.2 and 10 ppm for tetrahedral, pentahedral, and
octahedral sites, respectively. Therefore, the 27Al NMR spectrum represented a weighted summation of
the spectra of pure α- and γ-Al2O3 phases. At the temperature range between 700 and 900°C, the peak
intensity of 5SDA at ~33.2 ppm (Al(V)) was slightly increased compared to that of pure Al2O3, suggesting
that changes in the NMR spectra were not attributed to 5 wt% of SiO2 induced changes to anisotropic spin
interactions, but to an alteration in alumina phase composition caused by the doping procedure. This is
consistent with our PDF refinement results (shown in a later section). NMR spectrums in Figure 5.7 for
the 15SDA and 27SDA calcined at 700 and 900°C included three clear transitions at ~58, ~33.2 and
~8.8 ppm, albeit with weaker downfield peaks. Whereas 5SDA NMR spectra have unchanged intensities
of Al(IV) and Al(VI) and Al(V) peaks between 1100 and 1200°C, indicating no phase change in this
temperature region. As for the 15SDA and 27SDA, NMR spectra exhibited two different Al environments:
an octahedral Al(VI) environment at a peak maximum near ~10 ppm and a tetrahedral site at +58 ppm
with various peak intensities (Figure 5.6).
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Figure 5.6 The 1D 27Al MAS NMR spectra for 5, 15, and 27 wt % SDAs and alumina calcined at 700, 900, 1100 and 1200°C
for 2 h.1
Table 5.3 Solid state 27Al MAS NMR site concentration.1
Sample
Alumina calcined at 700°C
5SDA at 700°C
5SDA at 900°C
5SDA at 1100°C
5SDA at 1200 °C
15SDA at 700°C
15SDA at 900°C
15SDA at 1100°C
15SDA at 1200°C
27SDA at 700°C
27SDA at 900°C
27SDA at 1100 oC
27SDA at 1200 oC

5.4.6

Al(IV) %
25
25
27
32
32
25
32
36
31
24
27
31
31

Al(V) %
2
3
1
<1%
<1%
36
4
<1%
<1%
44
19
<1%
<1%

Al (VI)
73
72
72
68
68
39
64
64
69
32
54
69
69

Pair Distribution Function (PDF) Analysis
Silica dopant locations
In the unique solvent-deficient synthetic environment, the silica dopant is added during the Al2O3

synthetic reaction, whereas SiO2 is added after the Al2O3 is formed for Siral5. Considering the variation
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in the reported dopant locations,27-29 it is necessary to determine the location of the SiO2 dopants to reveal
the stabilization mechanism in our silica-doped Al2O3. Based on the previous study of the La dopant
location in La-doped Al2O3,27-28 at least four possible scenarios (illustrated in Figure 5.7) can be envisioned
for the location of the SiO2 dopants: the SiO2 could be (1) intercalating into the Al2O3 lattice by
substituting for the tetrahedral/octahedral coordinated Al atoms or vacant sites,28 (2) forming SiO2 or
Al2SiO5 nanoparticles completely separate from the alumina phase,30 (3) forming a protective shell of
SiO2 or Al2SiO5 around the alumina core particles,31 (4) residing on the grain boundaries of the alumina
lattice.32-33 To test these scenarios and understand the location of the silica-dopants and structural changes
developed in Al2O3, we attempted to model them against the experimental PDF data for the four series
sample calcined at 150, 950, and 1300°C.

S-1

Grain Boundaries

S-2

S-3

S-4

Figure 5.7 Schematic representation of the four possible locations for the silica-dopants to reside in alumina.

Dopant location in aluminum hydroxide at low calcination temperature range. For the first
scenario, Si atoms could potentially substitute into (i) an octahedral Al 4𝑐𝑐 site inside the boehmite layers
(illustrated Figure 5.8b) and (ii) the interlayer space between adjacent boehmite layers (given in Figure

5.8c). These two possible models provided better fits to the local structure, with 𝑅𝑅𝑤𝑤 =11.7 % and 13.9 %,

respectively, than those of pure the boehmite refinement (𝑅𝑅𝑤𝑤 = 20.4%), as shown in Figure 5.10a. The

PDF refinement of the latter location reveals that Si moved and bonded with tetrahedral oxygen atoms to
form a Si-O-Al linkage bonds without distorting the boehmite lattice near the dopants. In addition, no
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clear distortions are reflected in the PDF data (as shown in the inset of Figure 5.8d). The Si atoms’ residing
space is the potential vacant site caused by boehmite dehydration at elevated temperature, during which
OH groups between the boehmite layers are removed in the form of H2O, translating every other boehmite
layer by z/2 and decreasing the vertical c parameter.34 These Al-O-Si linkages presumably lead to retention
of the phase transition from boehmite to γ-Al2O3 until 600°C, which is 200°C higher than that of pure
boehmite confirmed by XRD results. In addition to this positive result, substitution of smaller atomic
radius Si atoms into the boehmite lattice would have potentially resulted in a shorter bond distance of SiO (1.6 Å) as compared to that of Al-O (1.8-2.1 Å). Although the two bond ranges may overlap, silicadoped data display a slightly larger pre-edge shoulder than the pure boehmite PDF at about 1.6 Å (as
shown in the inset of Figure 5.8d), indicating the substitution of silica dopant for Al atoms inside the
alumina lattice. Therefore, both locations for the first scenario are possible for 5SDA.
At higher doping levels, the PDF data for 15 and 27 wt % SDA show similar trends. Separate SiO2
and mullite phases were combined with the 27 wt % doped boehmite phase in multiphase refinements as
illustrated in Figure 5.9. As shown in Figure 5.9(right-hand side), for samples calcined at temperatures
ranging from 50-800°C, the separate SiO2 phase fraction is refined to a positive value and decreased from
72 to 25 % with increased calcination temperature by including the presence of doped boehmite. The
doped boehmite is generated by placing Si atoms in the 4𝑐𝑐 site inside the boehmite layers. The separated
SiO2 presumably resides in the space between boehmite layers and forms bridging Al-O-Si bonds, causing
the increase of the Al(V) concentration to 36% and 44% for 15SDA and 27SDA, respectively, compared
with pure alumina (2% in Table 5.2). Therefore, at low doping levels (5 wt %), no separated SiO2 phase
is formed, and dopant atoms disperse into the space between boehmite layers and substitute in the Al
octahedral site. When doping levels increase to 15 and 27 wt %, the silica dopants introduce more intrinsic
disorder and form a dual phases mixture with separated SiO2 and doped boehmite.
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Figure 5.8 Comparison of PDF refinements with the 150°C 5SDA data using the (a) pure Boehmite model, (b) Si atom
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Dopant location in alumina. During the conversion from boehmite to γ-alumina, octahedral Al
cations migrate into different coordinated tetrahedral, pentahedral, or octahedral sites around the center of
the cell to form the bridging skeletal layers.1,18 Oxygen atoms correspondingly move to accommodate
such change.35-36 The condensation process disrupts the layered boehmite structure, generating highly
distorted bridging linkages, and leads to a defective nature for γ-Al2O3. According to previous 27Al solidstate NMR results,1 for the undoped sample treated at 700°C, 18% and 2% of the octahedral Al atoms
shift to tetrahedral and pentahedral sites, respectively. However, Al(V) concentration for 5SDA increased
to 19%, indicating that dopant atoms promote significantly more octahedral Al shifts to pentahedral sites,
resulting in the formation of an interfacial silica-alumina phase in between primary crystallites. This is
consistent with the fact that Al(V) species were observed at the interface between the mixed silica-alumina
phase and the domains of alumina.37 The

29

Si solid state-NMR results also illustrated that the silica-

alumina network originates in a structure consisting of Al-O-Si linkages, and no separate SiO2 phase is
detected (no peak at δ ~-110 ppm), suggesting that Si incorporates into the alumina structure.1,38
To examine the dopant position in the γ-Al2O3 lattice at low doping level, we attempted to model
them against the experimental PDF data for the 5SDA-800°C sample. To model the first scenario, silica
was placed into the tetrahedral 4a, octahedral 8c and 8d vacancy sites in the tetragonal γ-Al2O318 structure,
respectively. Figure 5.10 shows that all three possible models provided better fits to the local structure
with smaller 𝑅𝑅𝑤𝑤 =14.6%, 16.8% and 15.3%, respectively, than those of the pure boehmite-γ-Al2O3
refinement (𝑅𝑅𝑤𝑤 =24.3%). The calculated Al(IV) to Al(VI) site concentration ratios of dopants cooperated

into the tetrahedral 4a and octahedral 8c/8d sites were 25%:75% and 31%:69%, respectively. The former
model is consistent with the solid state NMR experimental ratio 25%:72% (in Table 5.2), indicating the
tetrahedral 4a sites are preferable locations of Si4+ dopants residing inside the γ-Al2O3 lattice for 5SDA
sample calcined at 800°C. Scenarios (2) and (3) were ruled out due to the small amount of dopant used,
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as calculations showed that 5% (by weight) of the total molecular weight of Si0.086Al1.886O3 was not enough
for the formation of separate phases or layers of SiO2/Al2SiO5, which is confirmed by the fact that no
separate SiO2 phase was detected (no peak at δ~110 ppm) for 5SDA1 from solid state-NMR spectroscopy
studies. For scenario (4), 5 wt % silica dopants residing at the grain boundaries were unlikely to generate
enough lattice distortions to demonstrate such a notable difference in the phase transformation
temperatures. Therefore, scenario (1) is the most plausible mechanism for 5SDA calcined at 800°C.
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Figure 5.10 PDF refinements of the 800°C 5SDA data using the (a) pure boehmite and γ-Al2O3 dual model, (b-d) the dual
model with Si dopants occupying 4a, 8c, and 8d sites in γ-Al2O3, respectively. (e) Aluminum coordination in the tetragonal γAl2O3. Difference curves are shown at the bottom of each graph, with 𝑹𝑹𝒘𝒘 value in parentheses.

As for the samples with higher dopant concentration, using 27SDA calcined at 950°C as an example,
the PDF refinement suggests that separate SiO2 with doped θ-Al2O3 offer the best fitting, in which silica
dopant atoms occupy the tetrahedral 4𝑖𝑖 site inside the θ-Al2O3 lattice. At elevated temperatures, along

with the layer condensation of boehmite dehydration, more SiO2 dopants fill the defect site and fold into
the θ-Al2O3, resulting in a reduced SiO2 phase fraction and Al(V) concentration (shown in Figure 5.11).
Compared with pure alumina, as temperature increases, more silica dopants are incorporated into the
alumina lattice.
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Figure 5.11 (lleft-hand side) PDF refinements of the 27SDA data at 950°C with its corresponding phase fraction of refined
phases (rright-hand side).

Dopant location at the highest calcination temperature 1300°C. Different scenarios were tested
against the experimental PDF data for all 1300°C samples. For 5SDA, there are three possible locations
for silica dopants residing inside the alumina lattice: (i) substitution into the tetrahedral 2𝑔𝑔 sites, (ii) the
octahedral 4𝑘𝑘 sites in δ-Al2O3, and (iii) the octahedral 4𝑗𝑗 sites in δ-Al2O3 (illustrated in Figure 5.12e).

Corresponding 𝑅𝑅𝑤𝑤 values are 7 %, 12.9%, and 25.1%, respectively. Given that the 𝑅𝑅𝑤𝑤 value for pure δAl2O3 is 14.4%, the tetrahedral 2𝑔𝑔 and the octahedral 4𝑘𝑘 sites are the preferred locations for Si dopants.

As for the calculated aluminum coordination Al(IV) to Al(VI) ratio, the tetrahedral 2𝑔𝑔 model was

34%:66% and octahedral 4𝑗𝑗 was 40%:60%, respectively. Given the 32%:68% Al(IV) to Al(VI)

concentration ratio from solid state 27Al MAS NMR in Table 5.2, Si dopant favored substitution into the
tetrahedral 2𝑔𝑔 sites inside the δ-Al2O3 lattice for our 5SDA samples calcined at 1300°C, in accordance

with scenario 1 in Figure 5.18.
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Figure 5.12 PDF refinements of the 1300°C 5SDA data using the (a) pure δ-Al2O3 dual model, (b-d) δ-Al2O3 with Si
dopants substituting into tetrahedral 2g sites, octahedral 4k and 4j sites in δ-Al2O3, respectively. (e) Aluminum coordination
in the tetragonal δ-Al2O3. Difference curves are shown at the bottom of each graph, with 𝑹𝑹𝒘𝒘 value in parentheses.

For the 27SDA-1300°C, as observed in Figure 5.13, doped θ-Al2O3 mixed with mullite shows a

better fit, in which the mullite phase was tailored with 27 wt % silica residing in tetrahedral sites. The
separated SiO2 phase fraction was refined to a negative, non-physical value. At the highest calcination
temperature, all separated SiO2 is enveloped into the Al2O3 and forms a new aluminum silicon oxide phase
(mullite).
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Figure 5.13 (left-hand side) PDF refinements of the 27SDA data at 1300°C, with their corresponding phase fraction of
refined phases (right-hand side).
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Dopant location for commercial Siral5. According to TEM results, Siral5 exhibited a different
geometry than 5SDA. In addition, both delta and alpha alumina characteristics are observed from XRD
patterns of Siral5 between 1100 to 1300°C, suggesting that not all crystals retain delta phase upon hightemperature calcination. Although Siral5 shows improved thermal stability compared to commercial pure
alumina (i.e., Sasol-CATA), Siral5 has only partial stabilization by the silica dopants. Figure 5.14a
illustrates the differences between pure commercial alumina and Siral5 with their experimental
synchrotron x-ray scattering data after calcination at 600°C. The difference curve reveals the consistency
of both sample in the high-r region (8-30 Å), while a discrepancy in the low-r region (1-8 Å) is observed.
Therefore, the local structures were the focus of the investigation to assess the plausible of silica dopant
in Siral5 samples. PDF data of Siral5 calcined below 950°C shows that these samples assemble with a
cubic γ-Al2O3 phase,23 inside which Al ions occupy only one octahedral site [16(d)], one tetrahedral site
[8(a)], and one quasi-octahedral site [32(e)](shown in Figure 5.14b).
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Figure 5.14 (a) PDF data comparison of the pure and silica-doped Al2O3 at 600°C, with the difference curve shown at the
bottom of graph. (b) Aluminum coordination in the cubic γ-Al2O3 : from left to right are Al1= octahedral site [16(d)], Al2 =
tetrahedral site [8(a)], and Al3 = quasi-octahedral site [32(e)]. The quasi-octahedral Al ions are 0.373 Å away from the
octahedral site [16(c)] and 0.748 Å away from the nearest oxygen plane.
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To test the first scenario, Si atoms were substituted into the partially occupied 16d octahedral, 48f
tetrahedral and 32e quasi-octahedral Al sites in the cubic gamma alumina23 structure, respectively. Figure
5.15 shows that all three possible models provided better fits to the local structure with 𝑅𝑅𝑤𝑤 =20.1%, 20.3%
and 19.1%, respectively, smaller than those of the pure cubic gamma alumina refinement (𝑅𝑅𝑤𝑤 =26.3%).

Interestingly, the cubic γ-Al2O3 phase with silica dopant occupying 32e quasi-octahedral site model fits
especially well in low-r regions, not only indicating that Si atoms could substitute for Al atoms inside the
alumina lattice, but also suggesting that 32e quasi-octahedral Al sites are relatively preferable.
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Figure 5.15 PDF refinements of the 600°C Siral5 data using the (a) pure γ-Al2O3, (b-d) Si dopants occupying 16d, 48f, and
32e sites in δ-Al2O3, respectively. δ-Al2O3 phase with silica dopant occupying both tetrahedral and octahedral sites model fit
shows better fit with the lowest 𝑹𝑹𝒘𝒘 value.

For Siral5 calcined at 1000°C, PDF refinement shows the intergrowth of three cubic γ-Al2O3 unit
cells to form a “γ-like”, tetragonal δ-Al2O3 unit cell.24 To verify the location of silica dopants, Si atoms
are substituted into the 4a octahedral Al sites and 8b tetrahedral Al site in the tetragonal δ-Al2O3 structure
(as shown in Figure 5.16a-d). Interestingly, the model of δ-Al2O3 phase with silica dopant occupying both
tetrahedral and octahedral sites at a 1:1 ratio fit shows the best fit with the lowest 𝑅𝑅𝑤𝑤 value, which is
consistent with data reported by Maglia et al.39 In their study, a random distribution of tetrahedral and
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octahedral (4Td+4Oh) vacancies was energetically favorable compared with exclusive doping into 𝑇𝑇𝑑𝑑 or

𝑂𝑂ℎ vacancies. At 1100°C, 10.6 % of the δ-Al2O3 phase starts to sinter, and the concentration of α-Al2O3

increases from 17.3 % to 50.4% as calcination temperature increases from 1050 to 1300°C. PDF
refinements of the 1300°C Siral5 data in Figure 5.16e-f suggest that a combination of 5 wt% silica doped
δ- and α-Al2O3 model offered a good fit to the local structure with 𝑅𝑅𝑤𝑤 = 6.4%, compared with the pure δand α-Al2O3 model refinement. Therefore, it is likely that the silica dopants substitute for Al atoms and

are mobile among the vacancies inside the alumina lattice, resulting a residency in both tetrahedral and
octahedral Al sites.
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Figure 5.16 PDF refinements of the 1000°C Siral5 data using the (a) pure δ-Al2O3, (b-d) Si dopants occupying 8b, 4a, and
dual sites in δ-Al2O3, respectively. δ-Al2O3 phase with silica dopant occupying both tetrahedral and octahedral sites model fit
shows better fit with the lowest 𝑹𝑹𝒘𝒘 value. PDF refinements of the 1300°C Siral5 data using the (e) pure δ-α-Al2O3, (f) Sidoped δ- and α-Al2O3 models, respectively. Difference curves are shown at the bottom of each graph, with 𝑹𝑹𝒘𝒘 value in
parentheses.
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To model the second and third scenarios, separate SiO2 and mullite Al2.826Si0.174O4.588 phases are
combined with the δ- and α-Al2O3 phases in multiphase refinements. Both SiO2 phase fractions are refined
to a positive number, but they are close to zero (0.3%) and do not visually improve the fit over the pure
δ-α-Al2O3 phase. The mullite Al2.826Si0.174O4.588 phase fraction is refined to a negative, unphysical value.
According to Daniell et al.,30 the surface of commercial 5 % silica doped alumina (Siral5) is comprised of
two distinct phases of SiO2 and Al2O3, as determined by FTIR spectroscopy. In addition, as the La dopants
in the impregnated sample resided on the alumina surface40 in our previous study, we can infer that the
commercial silica-doped alumina synthetic method places the separate SiO2 particles on the Al2O3 surface
in the same environment as the impregnation method. However, rough calculations indicate that 5%
dopant levels do not provide enough Si to cover the available surface area (measured by BET analysis)
with even a single, one-unit cell thick layer. It is unlikely that surface layers of SiO2 are formed in Siral5,
and therefore the third scenario is ruled out. Dopants residing at the grain boundaries were unlikely to
generate enough lattice distortions to demonstrate such a notable difference in the phase transformation
temperatures. This eliminates scenario (4), leaving scenario (1) and (2) as possible locations for the
commercial silica-dopants. Therefore, it is our hypothesis that part of the Si dopants enter quasioctahedral, tetrahedral or octahedral vacancies in the defect spinel structure to form silica-alumina phase
and stabilize the oxygen lattice, resulting in an enhanced thermal stability, whereas the rest of the dopants
appear to be absorbed as an isolated phase on the Al2O3 surface, leading to partial δ-Al2O3 phase sintering
into α-Al2O3 phase.
Phase Transition Pathways
We performed X-ray PDF analyses as a function of calcination temperature to study the structural
evolution of the silica-doped Al2O3 and determine how effectively the silica dopant stabilizes the γ-Al2O3
phase relative to pure γ-Al2O3. The PDF data of the silica-doped Al2O3 between 50 and 1300°C were
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modeled using the same combination of γ-, γʹ-, δ-, θ- and α-Al2O3 structures used for our pure γ-Al2O3
crystals. We optimized the fit for three different regions of the experimental PDF: the low-r region (r ≤
8Å), the high-r region (8 ≤ r ≤ 30Å), and the full-r region (1.2~30 Å). The high-r region probes the
intermediate and average structure, while the low-r regions correspond to the local structure. The
quantitative phase fractions resulting from the fits of both the silica-doped and pure Al2O3 are plotted
together in Figure 5.17 Phase fractions (a) Siral5, (b)5SDA, (c)15SDA, and (d) 27SDA as a function
calcination temperature.. Figure 5.17a illustrates that the phase transition to α for Siral5 occurs between
1050 and 1300°C with increased α-Al2O3 phase fraction at elevated temperatures. As shown in Figure
5.17b, no α phase transition for 5SDA is observed up to 1300°C, whereas the transition occurs between
1200 and 1300°C for pure Al2O3, as reported in the previous chapter. The 5 wt % silica dopants introduced
by the solvent deficient method thus appear to retard the alpha phase transition by roughly 200°C.
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Figure 5.17 Phase fractions (a) Siral5, (b)5SDA, (c)15SDA, and (d) 27SDA as a function calcination temperature.
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To tackle the doping mechanisms as a function of doping level, two additional SiO2 doping levels
(15 and 27 wt %) are examined. PDF plots for precursors heated at different temperatures are shown in
Figure 5.18. 𝐺𝐺(𝑟𝑟) for the 15SDA sample heated below 900°C shows broad peaks, indicating amorphous

structures (Figure 5.18a). The 𝐺𝐺(𝑟𝑟) patterns were fairly similar for samples heated from 900 to 1000°C,
but at temperatures greater than 1050°C, the peaks in the high-r region develop finer structure and there
were several narrower peaks, indicating the development of long-range ordering. All samples showed
matching broad oscillations beyond 8 Å-1 in 𝐺𝐺(𝑟𝑟), which reaffirms the similarity in their local bonding

environments. The 27SDA samples heated to less than 1250°C have very similar PDF trends as well

(Figure 5.18b), but at 1300 °C there is an abrupt transition to the mullite phase. The corresponding fitting
results are shown in Figure 5.17c-d, in which θ-Al2O3 phase→ mullite transition for both 15SDA and
27SDA occurs between 1200 and 1300°C. The mullite phase fraction was more dominant for the alumina
with 27 % silica doping than the alumina with 15%.

Figure 5.18 PDF data throughout the full range of calcination temperatures (50-1300°C) for (a)15SDA and (b) 27SDA.
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5.5

Conclusions
In summary, the introduction of silica as a dopant at different levels (i.e., 5, 15, 27 wt %) had a

significant influence on the structure, phase evolution and thermal stability of aluminas prepared by the
solvent deficient method. The mechanism of the significantly improved thermal stability is investigated
by various techniques. Results show that at low dopant level (i.e. 5 wt %), silica dopants resided in the
vacant octahedral or tetrahedral locations within the alumina lattice as a function of calcination
temperature, with no additional unwanted phases (such as Al3SiO5 or SiO2) observed. At high dopant level
(i.e., 15% and 27 wt%), the formation of a mullite phase was observed. Commercial silica doped alumina
(Siral5) is also compared with other aluminas the present study. The difference in 5 wt % silica-doped
alumina produced by commercial (such as impregnation) and one-pot solvent deficient methods is
evidently shown. For Siral5, the silica dopant appears to both adsorb as separated atoms on the Al2O3
surface and substitute into the Al2O3 lattice. As calcination temperature increases from 600 to 1300°C, an
extended Al3SiO5 lattice is not formed, presumably due to the sparse (5%) concentration of silica atoms.
During the γ-to-α transition, some silica dopants randomly occupy the tetrahedral and octahedral sites in
the alumina lattice and stabilize the lattice from the phase transition to α-Al2O3. In 5SDA, all silica dopants
substituted in the tetrahedral Al sites inside the γ-Al2O3 lattice and delayed the phase transition from
boehmite to γ-Al2O3; no α-Al2O3 phase was observed up to 1300°C. This study revealed a new perspective
on the significance of silica-doping in alumina.
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6

THERMAL AND HYDROTHERMAL STABILITY OF PURE ALUMINA AND SILICADOPED MESOPOROUS ALUMINA NANOPARTICLES

6.1

Introduction
The thermal and hydrothermal stabilities of pure and doped aluminas have been widely studied. Lin

et al.1 compared phase and pore structure before and after calcination in dry and steam atmospheres for
sol-gel derived γ-alumina, TiO2, and ZrO2. Above a certain temperature (900°C for alumina, 600°C for
zirconia, and 450°C for titania), pore structure changed significantly as metastable phases began to
transition into thermodynamically stable phases. Gallaher et al.2 reported that steam treatment accelerated
the pore size growth of a commercial γ-Al2O3 membrane at 650°C without significantly changing the pore
size distribution. Shang et al.3 determined that γ-Al2O3 synthesized by partial hydrolysis of an aluminum
nitrate solution was thermally stable up to 900°C and hydrothermally stable up to 800°C. Murrell et al.4
observed that dispersed colloidal silica stabilized alumina surface area at high temperature under steam
treatment. Aluminas prepared with several dopants, including Ba, Sr, La, Sn, SiO2, and PO4, were shown
to exhibit larger pore size and higher surface area stability under steam.5 Alumina has been stabilized
toward sintering by reacting a silicon-containing precursor with the hydroxyl groups of alumina in the
presence of steam, thereby grafting 3 wt% silicon to the surface.6 These studies indicate that undesirable
structure changes during thermal and hydrothermal treatment can be retarded by the inclusion of dopants,
though the mechanism for structure stabilization remains unclear.
In this chapter, we investigate the thermal and hydrothermal stabilities of four series of γ-Al2O3
prepared by our solvent deficient method with the addition of 0-27 wt % silica dopants for the first time.
Although silica-doped aluminas are known to be more thermally stable than pure alumina, calcination and
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phase transformation can change the pore structure of the porous nanoparticle at elevated temperatures.
Three dopant concentrations (5, 15, 27% by weight) of alumina are prepared to study the role of Si
dopants. Samples were heated to temperatures between 700 and 1200°C in air and steam/air atmospheres,
and X-ray diffraction and N2 adsorption were used to characterize the mesoporous properties and phase
transformations for each sample. The present research describes the impact of silica dopants on the phase
transition from γ-Al2O3 to α-Al2O3 as well as how steam affects the pore growth and the sintering of
transitional aluminas. These findings will help identify conditions for utilizing γ-Al2O3 synthesized using
our solvent deficient method in catalytic reactions at high temperature with or without steam.

6.2

6.2.1

Experimental Section

Materials
Aluminum isopropoxide (AIP, (C9H21O3Al), granular, 98+ %) and tetraethyl orthosilicate (TEOS,

(Si(OC2H5)4)), liquid, 99.9 %) were purchased from Alfa-Aeser. Commercial 5 % silica-doped alumina
(Siral-5) was purchased from Sasol for comparison.

6.2.2

Synthesis Method
We prepared a series of our pure and silica-doped aluminas via a patented solvent deficient

method,7-8 by simply adding tetraethyl orthosilicate (TEOS) (5 wt% of Silica) and water at 2:1 mole ratio
to the typical 5:1 mole ratio of aluminum isopropoxide (AIP) and water reagents. These starting materials
were mixed for 30 min with a Bosch Universal Mixer at 300 RPM to form a slurry-like precursor.
The precursors were calcined at 700, 900, 1100, or 1200°C for 2 h using a Lindberg/Blue M furnace
(Thermo Fisher Scientific Inc.) with a 3 °C/min heating rate. During calcination the precursor (AlOOH)
decomposes, forming water and crystalline transitional Al2O3, while all other byproducts are released as
gases. Pure alumina9 and samples with 15 and 27 wt% of silica were prepared for comparison.

149

Table 6.1 Name codes list for all samples in this chapter
Name code

Manufacturer

Starting material

Heat treatment

PA

pure alumina

Aluminum isopropoxide + water

Steam and Air

5SDA

5 wt % silica-doped alumina

Aluminum isopropoxide + water +TEOS

Steam and Air

15SDA

15 wt % silica-doped alumina

Aluminum isopropoxide + water +TEOS

Steam and Air

27SDA

27 wt % silica-doped alumina

Aluminum isopropoxide + water +TEOS

Steam and Air

6.2.3

Steam Treatment Condition
To investigate hydrothermal stability, samples of pure and silica-doped alumina were tested in a 1:1

mixture of steam and air. A 2 mL sample of alumina was placed in a quartz reactor covered with a heating
chamber and treated with a mixture of hydrogen gas (with a flow rate of 40 mL/min), nitrogen gas 20
mL/min), and steam (0.16 mL/min). The samples were heated for 24 h at 700, 900, 1100, or 1200°C, with
a heating and cooling rate of 3 °C/ min. The steam treatment flow diagram is schematically shown in
Figure 6.1.

N2 gas cylinder

Figure 6.1 Schematic diagram of the apparatus for the steam treatment system.
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6.2.4

Characterization
The phase of each sample was identified by powder X-ray diffraction (XRD) using a PANalytical

XʹPert Pro diffractometer with a Cu source and a Ge-111 monochromator that provides Cu-Kα1 (λ =
1.5406 Å) radiation at 45 kV and 40 mA. Scans were performed between 10° and 90° for 2h with a step
size of 0.0167° at a rate of 0.013° per second.
The Brunauer-Emmett-Teller (BET) specific surface area and Barrett-Joyner-Halenda (BJH) pore
size of each sample was determined from nitrogen adsorption at 77 K using a Micromeritics TriStar II
instrument. For these measurements, about 200 to 300 mg of the dried powder was placed in a sample
holder and dried at 200°C for approximately 24 h to remove physically adsorbed moisture. Then samples
were allowed to equilibrate to room temperature before being cooled to 77 K for data collection. Surface
area (SBET) was calculated using the N2 adsorption isotherm in the P/P0 range of 0.05 to 0.20. The singlepoint pore volumes were determined from the amount adsorbed at a P/P0 ca. 0.990. Pore size distributions
(PSD) were calculated using an improved irregular slit pore geometry (SPG) model.10 The maximum of
the PSD curve is reported as the pore width.11

6.3

6.3.1

Results

Phase Progression Under Thermal and Hydrothermal Treatments
Powder X-ray diffraction patterns (XRD) for all samples after calcination in dry air are shown in

Figure 6.2. Figure 6.2a-d shows XRD patterns for PA and the three dopant concentration SDA samples
after thermal treatment. In Figure 6.2a, XRD pattern of the pure alumina sample calcined at 700°C can be
indexed as a cubic γ-Al2O3 (JCPDS card 01-079-1558)12 with characteristic broad peaks at 45.8° and
66.8°. The XRD pattern of PA calcined at 900°C is more consistent with the tetragonal gamma prime (γʹ)
phase,13 suggesting a structural change to a gamma “triple cell” structure. PA calcined at 1100°C shows
high concentrations of the thermodynamically stable α-Al2O3 phase (JCPDS card 01-071-1683)14 with a
trace amount of θ-Al2O3 (JCPDS card 00-035-0121).15 The phase transition to α-Al2O3 phase is completed
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at 1200°C. On the basis of the observed peaks, we are led to hypothesize a phase progression from spinel
cubic γ-Al2O3 → tetragonal γʹ-Al2O3 → θ-Al2O3 → α-Al2O3 for PA samples under thermal treatment.
In Figure 6.2b, XRD patterns of 5 SDA show a similar phase transition from cubic γ-alumina to
tetragonal γʹ phase from 700 to 900°C. In contrast to the pure alumina, no α-Al2O3 peak is observed up to
1200°C; rather, a mix of δ-Al2O3 (JCPDS card 00-046-1131)16 and monoclinic θ-Al2O315 phases are
observed for 5SDA calcined from 1100 to 1200°C.
Figure 6.2c-d shows that XRD patterns of 15SDA and 27SDA exhibit similar phase transformation
from 700 to 1200°C, which is amorphous→ cubic γ-Al2O3 → δ-θ-Al2O3 → mullite (aluminum silicon
oxide).17 At 700°C, the XRD pattern shows extremely broad peaks, indicating an amorphous structure for
both samples. From 900 to 1100°C, characteristic peaks of a cubic γ-Al2O3 phase are observed for 15SDA
and 27SDA samples, and at 1200°Ca mix of δ-θ-Al2O3 and mullite Al2.826Si0.174O4.588 (aluminum silicon
oxide) (JCPDS card 01-084-1205)17 phase are observed for both. Judging from the peak intensities,
mullite formation was more dominant for the alumina with 27 % silica doping than alumina with 15%.
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Figure 6.2 XRD patterns of different aluminas calcined at different temperatures for 24 h under air. (a) Pure alumina, (b) 5
% SDA, (c) 15 % SDA, (d) 27 % SDA. Standards: (1) gamma alumina, (2) alpha alumina, (3) theta alumina, (4) mullite
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Figure 6.3a-d illustrates XRD patterns for PA and5, 15, 27 wt % silica-doped alumina samples
placed under hydrothermal treatment from 24h at temperatures between 700 and 1200°C. XRD patterns
of PA under steam treatment at 700 and 900°C (Figure 6.3a) can be indexed as the monoclinic θ-Al2O315
phase. The latter pattern has narrower peaks with larger intensities, indicating a more defined crystal
structure. Characteristic peaks of α-Al2O3 first appear at 1100°C, along with low-intensity θ-Al2O3 peaks.
At 1200°C only α-Al2O3 peaks are observed. In Figure 6.3b, the phase transformation of 5SDA from cubic
γ-Al2O3 to θ-Al2O315 appears to occur from 700 to 900°C. 1100 and 1200°C calcinations resulted in mixed
phases of θ and α Al2O3 phases and θ-Al2O3 and mullite phases, respectively.
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Figure 6.3 XRD patterns of different aluminas calcined at different temperatures for 24 h under steam/air atmospheres. (a)
Pure alumina, (b) 5 % SDA, (c) 15 % SDA, (d) 27 % SDA. Standards: (1) gamma alumina, (2) alpha alumina, (3) theta
alumina, (4) mullite.

In Figure 6.3c-d, peaks matching the cubic γ-Al2O3 XRD pattern are observed for 15SDA calcined
at 700°C and 27SDA samples calcined at 900°C. 27SDA calcined at 700°C is characterized by broad
peaks, indicating the production of amorphous or small crystallites. A mixture of δ-Al2O3, θ-Al2O3 and
mullite phases are observed for 15SDA calcined at 1100 and 1200°C. The XRD patterns also indicate that
in 27SDA, a transition from δ-Al2O3 to mullite via θ-Al2O3 starts at approximately 1100°C and completes
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at 1200°C. The phase transition routes for PA and three dopant concentrations of SDA are summarized
in Figure 6.4 a-b as a function of calcination temperature and divided into thermal and hydrothermal
treatment schemes.

6.3.2

Pore Structure Change Under Thermal and Hydrothermal Treatments
Nitrogen adsorption data can provide an accurate and reliable characterization of mesoporous

alumina pore structure.9,18-19 BET surface area (SA), pore volume (PV) and average pore diameter (APD)
of all samples are listed in Table 6.2. Their adsorption-desorption isotherms under steam treatment are
shown in Figure 6.4. It is observed that all the isotherms are type IV, indicating mesoporous structure.
The hysteresis loops for all samples correspond to H1 and H3 types,20-21 which are characteristic for slitshaped pores formed by plate-like particles.108 However, different silica dopant concentrations have
distinct patterns of pore property changes with temperature.
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Figure 6.4 N2 adsorption/desorption isotherms of pure alumina, 5 % SDA, 15 % SDA, and 27 % SDA samples under steam
treatment at different temperatures (a 700°C, b 900°C, c 1100°C, d 1200°C) for 24 hours.
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Table 6.2. N2 adsorption parameters of pure alumina, 5 % SDA, 15 % SDA, and 27 % SDA
samples thermally and hydrothermally treated at different temperatures for 24 hours.
Sample
PA
PA Steam
5SDA
5SDA
Steam
15SDA
15SDA
Steam
27SDA
27SDA
Steam

SBET surface area (m2/g)a
700°C
900°C 1100°C 1200°C
237
145
13.0
11.0
138
97.5
35.8
10.3

Mesoporous volume(cm3/g)a
700°C
900°C 1100°C 1200°C
1.27
1.00
0.06
0.05
0.80
0.87
0.26
0.04

700°C
18.4
22.4
19.5 and
50.9

Pore Diameter (nm)b
900°C
1100°C 1200°C
22.1
37.8
34.8
21.2 and 27.8 and 20.9 and
50.7
50.1
62.4

369

265

141

90.5

2.03

1.70

1.00

0.64

199

166

105

48

1.16

1.2

0.81

0.4

34.5

37.4

41.9

46.3

158

129

95.8

58.6

0.89

0.75

0.64

0.41

25.4

25.0

28.3

43.3

195

175

128

10.1

1.30

1.12

0.93

0.06

31.5

30.3

32.2

-

111

92.7

57.0

27.0

0.61

0.55

0.42

0.21

33.0

34.4

47.5

51.5

127

98.5

18.3

11.6

0.75

0.66

0.09

0.06

42.4

44.0

-

-

Under thermal treatment, there was a significant difference in the surface area (SA) among the
aluminas, especially for 5SDA samples with the highest SA and PV after 1200°C. The SA of the pure
alumina drastically decreased with increasing the calcination temperature ultimately experiencing a 95%
reduction in surface area at 1200°C calcinations. In contrast, the SA of samples doped with silica only
decreased by less than 40%. The pore volume (PV) calculated by the BJH (Barret-Joyner-Halenda)
method22 shows that the pure alumina had a larger pore volume than 15SDA and 27SDA up to 900°C
calcination. However, its pore volume drastically decreased with increasing temperature. With the
addition of silica, pore collapse, indicated by decreased pore volume, is slowed. Again, 5SDA exhibited
larger pore volume than other aluminas up to1200°C calcination. A steep drop of the mean pore diameter,
due to the destruction of pores in the structures, was seen at 1100°C for pure alumina, whereas such drops
were not observed for the silica-doped samples. For the 5SDA, a unique bimodal pore size distribution is
observed.
Under hydrothermal treatment, the surface area and pore volume of all alumina samples decrease,
while pore diameter increases with increasing calcination temperatures. Surface area and pore volume
after calcination under the steam atmosphere are smaller than the corresponding samples under dry air.
5SDA is the only sample that maintained reasonably large SA, PV, and PD up to 1200°C. Interestingly,
surface area, pore volume, and pore diameter of the pure alumina calcined at 1100°C under the steam
atmosphere are larger than those of a sample under dry air by a factor of 2, indicating some residual
metastable alumina phase. Similarly, SA is larger under steam treatment than under dry air sintering for
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both 15SDA and 27SDA samples. The adsorption capacity and the pore volume of 15SDA reach
maximum values at 700°C of 838 cm3/g and 1.30 cm3/g respectively. 15SDA samples have higher SA
and larger PV than 27SDA from 700 to 1100°C, but take on equivalent or smaller values as 15SDA sinters
to mullite at 1200°C. Although the pore diameter of 27SDA is the largest from 700 to 900°C, its
adsorption capacity, SA, and PV are the smallest compared with other aluminas. Additionally, steam
treated 27SDA is stable up to 1100°C, which is 100°C lower than that sample calcined in dry air.
Evidently, the presence of steam enhances the pore growing and changing of the pure and SDA at elevated
temperatures.

6.4

Discussion
The results of XRD and N2 adsorption characterizations clearly show that the addition of low

concentrations of silica dopants significantly enhances the thermal and hydrothermal stabilities of
alumina. However, the mechanism for gamma structure stabilization is still inconclusive. Since the Si4+
ionic radius is almost identical to that of Al, the silicon ions may be incorporated into the lattice structures
during the formation of the boehmite (AlO(OH)) precursor. At elevated temperatures, boehmite
transforms to a spinel γ-Al2O3 structure23 with a large number of vacancies in the octahedral sites. Si ions
could occupy the tetrahedral site, displacing an Al ion that then migrates to the vacant octahedral sites,
decreasing the total number of vacancies.24 Lattice vibration of alumina at high temperatures would be
retarded, suppressing the rearrangements of atoms and causing the nucleation of thermal stable α-Al2O3
and mullite. Alternatively, based on our previous study,7,25 we suggest that Si doping may stabilize the
oxygen lattice by occupying tetrahedral and octahedral vacancies or defects in γ-Al2O3 structure to form
an interfacial silica-alumina phase in between primary crystallites, decreasing the number of
vacancies/defects, and retarding the γ- to α-Al2O3 phase transition. The suppression of lattice vibrations
by the Si ions maintains the spinel structure of the transitional alumina phases, including γ-, δ-, and θAl2O3.
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From the results of the BET surface area and pore size characterization in Figure 6.2 and 6.3, it was
found that 5 wt% silica-doped alumina demonstrates higher thermal and hydrothermal stabilities than
other aluminas. The results of the analysis of the XRD patterns in Figure 6.2 also show that only 5SDA
retained a γ-θ-Al2O3 phase at 1200°C in air; under a steam atmosphere at 1100 and 1200°C, it exhibited
a mixed phase including α-Al2O3 and mullite phases, indicating the change of the order of thermal stability
of aluminas between 1100 and 1200°C due to steam destruction. Assuming that silicon ions are filled in
the tetrahedral sites and Al ions in the octahedral sites, the content of silica is theoretically calculated to
be ca. 13 wt%.24 However, XRD and PDF analyses of 5SDA for γ-Al2O3 phase match a tetragonal
structure23, by assuming that the oxygen sublattice (16h positions) is fully occupied, silicon ions are
distributed into tetrahedral (4a) sites over octahedral (8c and 8d) positions inside the lattice. Theoretically,
filling the vacancies with silicon ions (advantageous to achieve high stability) results in a silicon content
of about 10 wt%. In 15 and 27 wt% alumina samples, an excess amount of silicon ions may be transformed
into the mullite structure, resulting in the lowering of the surface area and pore volume.
It should also be noted that the phase transformation to α-Al2O3 or mullite shifted to lower
temperatures for all pure and silica-doped aluminas in the present of the steam atmosphere (shown in
Figure 6.5). Water is known to accelerate γ-Al2O3 phase transformation towards the thermodynamically
stable α-Al2O3 or mullite (via δ-, θ-Al2O3 phases) as well as to lower the temperature at which it takes
place.26-27 The results here suggest that this transformation results in pore growth, evidenced by the
enlarged pore diameters reported in Table 6.2. For pure alumina, the pore growth in the steam atmosphere
is at the cost of decreased surface area and pore volume from 700 to 1200°C, except for the sample
calcined at 1100°C. Though 5SDA is highly durable in the presence of steam, its pore structure was still
deconstructed to some extent during hydrothermal treatment, resulting in a pore size distribution different
from that of 5SDA samples calcined in dry air. It was revealed that, in dry air, the ideal 5 wt % silica
content could fully occupy tetrahedral vacancies of the γ-Al2O3 lattice to form interfacial silica-alumina
phases with 3-D stacking morphology,9,28 which stabilizes the γ-Al2O3 phase and forms a second large
pore size distribution in the structure.7 Under a steam environment, silica dopants might migrate and
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become less homogeneously distributed in Al2O3 lattice than they would be in the dry air at elevated
temperatures, leading to the destruction of the bimodal pore size distribution and a decrease in surface
area and pore size. On the other hand, the presence of steam remarkably improved pore structure of
15SDA and 27SDA, resulting in enhanced pore volume and pore diameter at certain temperature ranges
at the cost of lower temperature destruction of pore structure and transition to the mullite phase. The low
stability this implies might be due to the non-monolithic structures derived from the pore structure change
caused by steam treatment, or it could be due to steam enhancing lattice vibrations which cause the spinel
structure to transition to silicon-containing crystalline mullite phase.

6.5

Conclusions
A systematic study of the thermal and hydrothermal stabilities of pure and silica-doped aluminas

has revealed essential trends in phase and pore structure changes. Porous pure and silica-doped alumina
were synthesized through a solvent deficient route and subsequently calcined in dry air or within the air.
The effect of steam on the phase and pore-structure evolution of pure and silica-doped alumina was
examined and confirmed the pronounced stability of silica-modified alumina. Steam at high temperature
was found to be a promoter of both pore enlargement and low-temperature phase transition to
thermodynamic stable α-Al2O3 or mullite phase. For pure alumina and 5SDA, stream treatment results in
increased pore size at the expense of surface area. For 15SDA and 27SDA, phase stability is also sacrificed
for larger pore size.
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Figure 6.5 Phase transitions of pure alumina, 5 %, 15 %, and 27 % wt. SDA samples calcined at different temperatures for
24 h under (a) air and (b) steam/air atmospheres.

Based on these comparisons, the introduction of the Si-dopant results in high thermal stability. 5
wt% silica-doped alumina exhibits the optimal thermal and hydrothermal stabilities, surface area and pore
structure. Although further investigations are still necessary for unambiguous discussion of stabilization
mechanisms, 5SDA is promising regarding industrial application, particularly for uses in adsorption and
catalyst technologies. Its high surface area and large pore volume allow for greater catalyst dispersion and
loading, which can be translated to increased catalytic efficiency. More importantly, its high thermal and
hydrothermal stabilities allow customization of surface chemistry at a higher temperature, making it
favorable for use in noble metals/Fe/Co catalysts used in Fischer-Tropsch synthesis.29
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